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Radio frequency (RF) microelectromechanical system (MEMS) resonators 
employing Lamb waves propagating in piezoelectric thin films have recently attracted much 
attention since they combine the advantages of the bulk acoustic wave (BAW) and surface 
acoustic wave (SAW) technologies: high phase velocity and multiple frequencies on a single 
chip. In particular, aluminum nitride (AlN) resonators based on fundamental symmetric (S0) 
Lamb mode have shown great promise because they can offer high phase velocities (10,000 
m/s), low dispersive phase velocity characteristic, small temperature-induced frequency drift, 
low motional resistance, and monolithic integration compatibility with complementary 
metal–oxide–semiconductor (CMOS). However, there are still a few outstanding technical 
challenges, including spurious modes suppression, quality factor (Q) enhancement, 
frequency scalability, and electromechanical coupling improvement. These issues obstruct 
the wide deployment and commercialization of AlN Lamb mode resonators. This 
dissertation presents comprehensive investigations and solutions to these issues.  
This thesis is organized as follows: Chapter 1 gives a brief introduction of the basics 
on piezoelectric MEMS resonators and their promising applications. Chapter 2 first 
investigates the various available Lamb wave modes in AlN and then identifies the S0 mode 
as the promising resonator solution to overcome several challenges associated with SOA. 
Chapter 2 also discusses several outstanding challenges with S0 devices, including spurious 
mode suppression, Q enhancement, scaling resonant frequency, and enlarging fractional 
bandwidth. In response, Chapters 3-7 address these outstanding challenges by developing 
new designs and models, resorting to new acoustic mode, and incorporating new 
piezoelectric material. More specifically, Chapter 3 proposes two techniques to suppress the 
spurious modes in the responses of S0 resonators, namely mode conversion and mode 
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shifting. Chapter 4 address the challenge of a conventionally vague question of reflection at 
the interface between released and unreleased regions in S0 resonators, and then 
demonstrates Q enhanced resonators with defined released regions achieved by a sandbox 
process. Chapter 5 first characterizes the S1 Lamb mode and optimizes its resonator 
configuration. A high-frequency S1 resonator at 3.5 GHz with a coupling of 3.5% is 
fabricated and demonstrated. Chapter 6 presents a hybrid filtering topology with a mode 
conversion AlN S0 resonator and lumped elements for widening the bandwidths of 
resonator-based filters. Chapter 7 proposes lithium niobate (LiNbO3) multilayered 
resonators with large electromechanical coupling, structure robustness, and good 
temperature stability. The analysis of Bragg reflectors, resonator simulation, stress control, 
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CHAPTER 1 INTRODUCTION 
1.1 MEMS resonators and filters for RF front-ends 
 
Figure 1.1 Example of a simplified transceiver using SAW filters and resonators [1] . 
The explosive development of modern wireless communications has driven 
technology advancements in components and systems for faster data processing, lower cost, 
more sophisticated chip miniaturization, and lower power consumption. As a main part of 
communication systems, radio frequency (RF) front-ends play a key role in achieving these 
advancements. Though appearing in various frameworks, RF front-ends are widely based on 
converting a received RF signal to a baseband one, or conversely, a baseband signal to an 
RF one. Figure 1.1 shows a block diagram of a simplified transceiver in which filters and 
resonators are the essential components. To access the application-crowded RF spectrum, 
the RF filters are used for selecting the in-band RF signals while rejecting neighboring 
interferences. On the other hand, the resonators are utilized to provide the frequency 
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references for transceivers. Traditionally, surface acoustic wave (SAW) resonators and 
filters are widely deployed in the front-end systems of wireless communications. However, 
as phone manufacturers seek to make ever slimmer and faster phones, the performance of 
traditional SAW devices start to become inadequate and calls for new device innovation via 
better designs for more versatile materials. With the progress of the microelectromechanical 
systems (MEMS) technology, manufacturing MEMS structures using various materials on 
Si substrates has become a reality [2], [3], [4]. For example, AlN can be produced on Si 
substrates with a straightforward reactive sputtering process, which enables the 
implementation of MEMS resonators and filters with high performance, miniaturized sizes, 
and high integration capability [5], [6], [7].  Provided with Scandium doping, AlN even has 
the potential to achieve high electromechanical coupling [8], [9], [10].  AlN-based devices 
have been considered as potential replacements of these off-chip components to achieve 
highly integrated systems. On the other hand, other commonly used piezoelectric thin films, 
such as PZT or LiNbO3, have successfully demonstrated on Si  using novel techniques that 
involve sol-gel synthesis, film transfer or wafer bonding [11], [12]. These material systems, 
although more difficult to integrate and remaining CMOS incompatible, provide the benefit 
of much higher electromechanical coupling over AlN, thus warranting their own 
development for wideband applications that otherwise can be not served by AlN Lamb wave 
devices.  
1.2 Piezoelectricity and piezoelectric resonators 
Micro-resonators can be divided into two categories: piezoelectric micro-resonators 
and capacitive transduced resonators. Generally, the capacitive resonators have high-quality 




Figure 1.2 Illustration of the piezoelectric effect. 
The piezoelectric ones, which have relatively lower Qs but much higher coupling 
coefficients [17], [18], [19], [20], are more suitable for constructing resonators and filters at 
RF. This thesis will only focus on the piezoelectric micro-resonators. 
The fundamental principle behind any piezoelectric MEMS device, namely 
piezoelectricity, was first discovered by brothers Pierre Curie and Jacques Curie in 1880 and 
named by Hankel in 1881. The piezoelectric effect refers to the generation of internal electric 
charges when mechanical stress is applied to certain materials, as shown in Figure 1.2. This 
property is reversible, meaning that piezoelectric materials also experience mechanical stress 
when electric fields are applied [21], [22], [23]. The piezoelectric effect occurs due to the 
redistribution of positive and negative charges when a piezoelectric material is placed under 
mechanical stress, resulting in an internal electric field. Conversely, an external electric field 
forces internal charges to shift, causing piezoelectric materials to stretch or compress.  
In the mechanical domain, the Hooke’s law dominates the stress and strain by 
   1.1  
where c is the elastic stiffness constant, S is the elastic compliance constant, T is the strain 
constant. S and T are tensors.  
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In the electrical domain, the charge density displacement vector D and electric field 
E are related by 
   1.2  
where ε is the dielectric permittivity. For piezoelectric materials, piezoelectricity could be 
considered by adding the term of piezoelectric coupling coefficient e [24]. Rewrite Eqn. (1.1) 
and Eqn. (1.2) as  
   1.3  
 
   1.4  
where superscript E means that the constants are measured at the constant electric field and 
constant strain, superscript T denotes the matrix transpose. Eqn. (1.3) and Eqn. (1.4) are 
called e-from constitutive equations. 
Leveraging the electromechanical transduction attainable via piezoelectricity, 
acoustic or MEMS devices can be implemented on wafer level and chip scale using various 
piezoelectric materials and an assortment of vibrational modes. The common and 
commercially successful devices employ either surface acoustic waves (SAWs) or bulk 
acoustic waves (BAWs). SAW represents devices based a piezoelectric substrate with 
acoustic propagation confined to the surface, while BAW devices are typically based on a 
micro machined cavity that confines acoustic energy within the cavity. SAW and BAW each 
have their technical advantages and shortcomings. For example, SAW devices can achieve 
multiples frequencies on a single wafer. But the low phase velocities limit their resonant 
frequencies below 3 GHz. On the hand, BAW devices are preferred for high-frequency 
applications because of their high phase velocities of 10, 000 m/s. Nevertheless, due to the 
characteristic of thickness determining frequency BAW devices can only attain single-chip 
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single-frequency, which leads to more complexity and cost in manufacturing. In the past 
decades, researchers have been trying to engineer devices with benefits of both BAW and 
SAW, which led to the emergence of Lamb wave devices.  Lamb wave devices are a subset 
to BAW devices that bear similarities to SAW in terms of transducer design and frequency 
diversity and but confine acoustic energy in a suspended cavity. They can use either material 
adopted for commercial BAW (e.g., AlN) or SAW devices (LiNbO3 or LiTaO3). Research 
in this thesis primarily focuses on optimizing Lamb wave devices and addressing the 
outstanding bottlenecks associated with Lamb wave devices. Before discussing the details 
of Lamb wave devices, it is instrumental to first review the pros and cons of conventional 
SAW and BAW technologies so that the advantages of Lamb wave devices introduced in 
the later sections can be more comprehensively appreciated.   
1.2.1 Surface acoustic wave (SAW) resonators 
 
Figure 1.3 Cross-sectional view of a one-port SAW resonator. 
In 1885 Rayleigh discovered the propagation of surface waves in solids. However, 
devices employing surface waves were not commercially viable until the invention of the 
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interdigitated transducer (IDT) by White and Voltmer in 1965 [25]. Since then, SAW devices 
have been widely used as intermediate frequency (IF) and RF filters in wireless 
communications due to their miniaturized sizes, low cost, simple fabrication, and excellent 
performance [26], [27], [28], [29]. Figure 1.3 shows the cross-sectional configuration of a 
typical one-port SAW resonator. The IDTs on top of the SAW substrate are alternatingly 
connected to RF signal and ground to excite waves traveling near the surface of the substrate. 
In operation, surface acoustic waves are generated by the incident signal with IDTs. On both 
sides of the IDT are the grating reflectors for confining the acoustic waves and producing a 
resonance.    
Generally, the resonant frequency is determined by the phase velocity of the wave 
and the pitch width (Wp) of the IDTs. The width of the IDT is typically equal to a quarter 
wavelength of the acoustic wave at the intended frequency.  
 
2
 1.5  
Phase velocities of SAW devices based on common piezoelectric substrates, such as 
LiNbO3 and LiTaO3 are generally less than 4000 m/s [30], [31]. To increase the resonant 
frequency f0 to keep up with the need for higher-frequency front-end components, the pitch 
width of the IDT must be reduced. However, due to the fabrication difficulties in making 
electrodes narrower than 0.25 μm using industry standard optical lithography techniques and 
limited power handling capability of narrower electrodes, reducing pitch widths for higher 
frequencies is impractical. Due to these constraints, the resonant frequencies of SAW 
resonators are kept below 3 GHz. Though not suitable for high-frequency applications, SAW 
devices have the advantages of single-chip multiple-frequency and low-cost fabrication.  
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1.2.2 Bulk acoustic wave (BAW) resonators 
 
Figure 1.4 Cross-sectional view of a simple FBAR. 
 
Figure 1.5 Cross-sectional view of a simple SMR. 
Unlike SAW resonators, bulk acoustic wave (BAW) resonators utilize acoustic 
waves propagating through the bulk of the material. There are three main types of BAW 
modes: longitudinal wave (P-wave) modes, shear horizontal (SH) wave modes, and shear 
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vertical (SV) wave modes. The SH wave is polarized in the horizontal plane while the SV 
wave is in the vertical plane. The three modes have different phase velocities and 
piezoelectric coupling coefficients. The longitudinal wave has the highest phase velocity 
among them. In aluminum nitride (AlN) which is commonly used for BAW, the phase 
velocity is roughly 10, 000 m/S, about 3 times higher than SAW devices. Among the several 
types of BAW devices, the two most successful and widely commercialized BAW resonators 
are film bulk acoustic resonators (FBARs) and surface mounted resonators (SMRs), both of 
which employ longitudinal waves.  
Figure 1.4 shows the cross-sectional view of a simple FBAR. It consists two metal 
layers on the top and bottom sandwiching a piezoelectric layer. It operates in the thickness 
extensional mode (or longitudinal wave), of which the resonant frequency is determined by 
the thickness of the piezoelectric thin film and the phase velocity. To excite the wave, the 
top and bottom electrodes are typically connected to the RF signal and ground. The air-solid 
interfaces on the top and bottom of the resonators guarantee perfect reflections so that 
minimal energy is lost. The piezoelectric layer used in FBARs is typically AlN for its 
excellent reproducible deposition, good thermal conductivity, large piezoelectric coupling 
coefficient (~6.5%) in the thickness direction, and CMOS compatibility [32], [33], [34], [35], 
[36]. 
The SMR has a similar structure to FBAR. As shown in Figure 1.5, it also has two 
electrodes connected to the RF signal and ground and one piezoelectric thin film in between. 
The top interface is the air-solid type, while the bottom one utilizes mounted layers which 
are called Bragg layers. The Bragg layers are formed by alternating solid layers of low and 
high acoustic impedance materials [37], [38], [39]. At the interface between the low and high 
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impedance layers, wave reflection happens. The reflection coefficient is a function of the 
impedance mismatch between the low and high layers and becomes closer to 1 for a larger 
mismatch. AlN and tungsten (W) are often chosen as the high-impedance materials due to 
their high densities and Young’s modulus, while SiO2 is a typical material used for the low-
impedance layers. In addition to impedance mismatch, each Bragg layer should be a quarter 
wavelength thick so that acoustic waves transmitted through the Bragg layers can 
destructively interfere as shown in Figure 1.5. The number of layers in the Bragg reflector 
affects the reflection attained at the interface between piezoelectric thin film and the first 
Bragg layer. To obtain reflection coefficients larger than 0.99, at least six layers (three layers 
of low impedance and three layers of high impedance) are required [32]. Furthermore, the 
Bragg reflectors can also enhance the temperature stability of the resonator if SiO2 is used 
as the first layer in the Bragg reflectors. Overall, BAW resonators feature great power 
handling, good temperature stability, and high-frequency applications. However, the 
characteristic of thickness-determined resonant frequency makes it challenging to achieve 
multiple frequencies on a single wafer.  
1.2.3 Lamb mode resonators 
 
Figure 1.6 Cross-sectional view of a Lamb wave resonator. 
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In 1917, the English mathematician Horace Lamb discovered Lamb waves and later 
in 1973 Toda made a Lamb wave-based device on a lead zirconate titanate (PZT) ceramic 
plate [40]. Since then, Lamb waves have been well studied for their applications in liquid 
sensing [41], [42], [43], [44]. More recently, Lamb waves propagating in a plate have 
attracted much interest for enabling acoustic resonators and filters. Piazza and Yantchev in 
2002 first demonstrated the AlN contour mode resonators, which are the low frequency and 
fundamental equivalent of Lamb waves devices.  
Similar to the SAW resonator in Figure 1.3, a Lamb mode resonator also has IDTs 
alternately connected to the RF signal and ground with IDT pitch width equal to half the 
acoustic wavelength, as shown in Figure 1.6. Despite the similar appearance in transducers, 
there are several key differences between the Lamb wave and SAW resonators. First, instead 
of having grating reflectors on both sides, Lamb mode resonators use etched edges for 
reflection and confinement. Second, the Lamb waves are propagating through the suspended 
AlN thin film, not near the surface of a solid substrate. Third, the piezoelectric materials of 
SAW resonators are very thick bulky materials up to hundreds of microns, while in Lamb 
mode resonators they are thin films ranging from several hundred nanometers to several 
microns. 
Unlike SAW devices which have phase velocities of only 4, 000 m/s or less, Lamb 
mode resonators could be excited with much higher phase velocities. For example, the S0 
Lamb mode in thin film AlN has a high phase velocity of around 10, 000 m/s. By increasing 
the Lamb mode order to S1, the phase velocity could be further increased to 30, 000 m/s or 
more. The high phase velocities of Lamb modes make them good candidates for high-
frequency applications. Besides, different from BAW devices in which the resonant 
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frequencies are determined by the film thickness, Lamb mode devices use the pitch width to 
determine the resonant frequencies, which offers them with the capability of attaining 
multiple frequencies on a single chip. In addition to the two advantages, Lamb mode devices 
also feature the advantages of high Q, CMOS compatibility, low dispersive phase velocity, 
and low motional resistance [3], [45], [46], [47]. 
Lamb mode resonators thus far show the potential of combining monolithic multi-
frequency with great frequency scalability and energy confinement. However, in comparison 
to mature SAW and BAW technologies, Lamb wave devices still have some remaining 
issues in their path to commercial success. In particular, spurious mode suppression, Q 
enhancement, scaling to higher frequency, and increasing electromechanical coupling of 
Lamb wave devices are the ones that require specific and urgent attention. Therefore, 
Chapters 3-7 of this thesis address these outstanding challenges by developing new designs 
and models, resorting to new acoustic mode, and incorporating new piezoelectric material.   
1.3 Modeling of piezoelectric MEMS resonators 
Before discussing the developed approaches in response to the remaining issues for 
Lamb wave devices, this section will review the basics of modeling and understanding the 
response of a piezoelectric resonator. A piezoelectric resonator as a two-terminal device is 
typically characterized by its admittance response with one terminal grounded.  
Figure 1.7 depicts a typical admittance response of a piezoelectric resonator. It 
features two resonances, one series and one anti-resonant resonance. For a high Q device, 
the series resonant frequency fs refers to the frequency at which the admittance reaches a 
purely real value and coincides with the maximum (or the impedance reaches the minimum). 




Figure 1.7 Admittance response of a typical piezoelectric resonator. 
 
Figure 1.8 Resonator symbol and its MBVD model for representing its behavior in the electrical 
domain.  
purely real value and the admittance is minimal (or the impedance is maximal).  The 
admittance response can be explained by an equivalent circuit model commonly used for 
representing piezoelectric micro-resonators, namely the modified Butterworth Van Dyke 
(MBVD) model shown in Figure 1.8. In the MBVD model, C0 is the static capacitance of 
the piezoelectric transducer. R0 and Rs represent the resistance of the substrates and the 
electrodes, respectively. The upper branch is called the motional branch, representing the 
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mechanical resonance equivalently in the electrical domain via piezoelectricity. The series 
resonance occurs near the frequency at which Lm and Cm completely tune out each other, 
while the anti-resonance takes place when C0 and Cm collectively tune out Lm. 
It is intuitive to see that the components in motional branch depend on the quality 
factor of the resonator and electrometrical transduction efficiency of the device. Quality 
factor (Q) is a measure of the energy loss in a resonator (the higher Q, the lower loss). The 
Q of resonators is defined as 
 
2  1.6  
where Etot is the total energy stored in the resonator, Edissp is the energy dissipated per cycle. 
For very high Qs, an alternative formula for Eqn. (1.6) can also be used to extract Q:  
 
∆
 1.7  
where fs is the series resonant frequency, ∆f3dB is the 3 dB bandwidth of the resonator.  
The effective electromechanical coupling coefficient (keff2) is a measure of the energy 
conversion efficiency between the electrical and mechanical domains. Generally, the 
coupling coefficient determines the bandwidth and affects the insertion loss of resonator-





 1.8  
For low keff2 lateral mode devices, another coupling definition, namely transducer 





Figure 1.9 Simulated admittance and MBVD model fitting for a resonator at 217 MHz.  













 1.10  
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 1.11  
The resonator response in Figure 1.7 is fitted with the MBVD model and shown in 
Figure 1.9. For simplicity, R0 and Rs are neglected here. The MBVD fitting model can 
accurately describe the admittance response of the 217 MHz resonator.  
Besides the MBVD model, there are still several other models that can be used to 
describe the resonators, including the Mason’s model and finite element method (FEM) 
2D/3D models in COMSOL software. In this thesis, these models will be used to analyze 
various resonator-related design challenges. 
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CHAPTER 2 LAMB MODES IN ALN THIN FILMS 
As proven by the success of FBARs and SMRs, AlN has been considered as one of 
more prevalent piezoelectric thin film material. Its popularity is a result of not only the 
desirable properties of AlN but also the wide availability of knowledge and methods in 
integrating and micromachining AlN thin films. This chapter will discuss the AlN material 
properties as well as Lamb modes in AlN. 
2.1. Aluminum nitride (AlN) 
 
Figure 2.1 Hexagonal wurtzite crystal structure of AlN. 
As shown in Figure 2.1, AlN is a wurtzite-structured material with the polarization 
direction along the c-axis (0001) [49], [50]. Although AlN has lower coupling coefficients 
than other piezoelectric materials, such as PZT, LiNbO3, and ZnO, it exhibits several 
desirable properties, including large phase velocity, good thermal conductivity, small 
temperature coefficients of frequency (TCF). These properties enable AlN MEMS 
resonators to feature higher frequencies, larger power handling capability, higher Q, and 
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superior temperature stability. Table 2.1 lists the physical properties of AlN, ZnO, and 
LiNbO3 for comparison [51], [52], [53]. AlN has lower piezoelectric coupling coefficients 
than ZnO and LiNbO3. Except that, AlN exceeds ZnO and LiNbO3 in phase velocity, thermal 
conductivity, and TCF. 
Table 2.1 Physical properties of AlN, LiNbO3 (c11 is for X-cut and 30º to +Y orientation), and ZnO 
Properties AlN LiNbO3 ZnO 
Density (kg/m3) 3260 4700 5680 
Phase velocity (m/s) 11300 6550 6350 
Lattice constant, a (Å) 4.98 5.15 5.21 
Lattice constant, c (Å) 3.11 13.86 3.25 
Stiffness constant, c11 (×1011 N/m2) 3.45 1.91 2.10 
Piezoelectric coefficient, e15 (C/m2) -0.48 3.69 -0.48 
Piezoelectric coefficient, e31 (C/m2) -0.58 0.3 -0.57 
Piezoelectric coefficient, e33 (C/m2) 1.55 1.77 1.32 
Thermal conductivity (W/mK) 280 5.6 60 
TCF (ppm/K) -25 -85 -60 
Besides these advantages, the deposition process for AlN, can be a CMOS 
compatible process with temperature no more than 350 ºC. Generally, there are three ways 
to deposit AlN thin films: reactive sputtering [54], [55], metal-organic chemical vapor 
deposition (MOCVD) [56], and molecular beam epitaxy (MBE) [57]. However, the latter 
two are done in temperature over 800 ºC which could potentially cause post-deposition 
issues. On the other hand, the reactive sputtering can be done below 350 ºC, and remains the 
most popular method for attaining AlN thin films. 
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2.2. Piezoelectric properties of AlN 
AlN is a piezoelectric material with hexagonal symmetry. Its e-form constitutive 
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The coefficients of the stiffness matrix c, piezoelectric coupling matrix e, and 
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As seen in Eqn. (2.4), AlN only has non-zero coefficient for e15, e31, and e33. Thus, 
only asymmetric flexural, symmetric lateral, and thickness extension modes can be excited 
via e15, e31, and e33 respectively. The material-dictated electromechanical coupling, K2, thus 
can be computed for these modes as: 
  2.6  
Generally, for asymmetric flexural modes, e15, c44, and ε11 mainly contribute or 
determine the coupling. For symmetric lateral modes (e.g., S Lamb modes), it is e31, c11, and 
ε11 that mainly determine the coupling. For the thickness extension modes, it is e33, c33, and 
ε33. For example, by plugging the material properties of AlN into Eqn. (2.6), the symmetric 
lateral modes have a computed K2 of 1.4%. However, this K2 is not the final value. The final 
K2 of symmetric lateral modes is jointly contributed from e31, e15 and e33, which results in a 
value of around 1.4%. 
2.3 Characteristics of Lamb modes in AlN 
Lamb waves are a class of elastic waves propagating in solid plates. The 
displacement of Lamb waves lies in the plane that contains the direction of wave propagation 
and the direction perpendicular to the plate [58], [59]. Depending on the symmetry of the 
displacement about the median plane of the plate, Lamb modes or Lamb waves could be 
classified into two main types: symmetric modes (S modes) and asymmetric modes (A 
modes). Based on the mode order (n) in the plate thickness direction, S modes or A modes  
could be further sorted as Sn or An, where n is an integer. These modes have different mode 
shapes, phase velocities, and electromechanical coupling coefficients in a given piezoelectric 




Figure 2.2 Mode shapes of different Lamb modes in an AlN slab. 
context for exciting the intended S0 mode and suppressing the unwanted A0 modes that will 
be discussed in Chapters 3 and 4.  
Figure 2.2 illustrates the mode shapes of the S (S0, S1, and S2) and A (A0, A1, and 
A2) Lamb modes. The displacement of the S Lamb modes is symmetric about the median 
plane while the displacement of A Lamb modes is asymmetric. Higher-order Lamb modes 
are typically difficult to excite with conventional transducers as only monotonic E-field 
polarization can be introduced across the thickness of the slab.  
Phase velocity is a key parameter in resonator design as it determines the resonant 
frequency of the device. Phase velocities of these Lamb modes are different and dependent 
on the normalized AlN thickness (defined as the ratio of AlN thickness to the wavelength of 
a given Lamb mode). Figure 2.3 compares the phase velocities of A0, S0, A1, and S1 Lamb 
modes. The S1 Lamb mode has the highest phase velocity while the A0 Lamb mode has the 




Figure 2.3 Phase velocities of Lamb modes in an AlN slab. 
 
Figure 2.4 Electromechanical coupling of Lamb modes in an AlN slab configured with top IDTs and 
a continuous bottom electrode.  
dispersive, which endows S0 devices more ease in scaling for certain thickness of AlN films. 
In addition, its high phase velocity around 10,000 m/s is desirable for high-frequency devices. 
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Electromechanical coupling coefficient (K2) is another important parameter since 
determines the bandwidth and insertion loss of the filter. Fundamentally, it measures the 
energy transduction efficiency between the electrical and mechanical domains and could be 
estimated by comparing the phase velocities in AlN slab with free and metallized surfaces 
[3], [60] 
  2.7  
where υ0 is the phase velocity of a given mode in AlN with the mechanically free top and 
bottom surfaces, υm is the phase velocity of a given mode in AlN with metalized top and 
bottom surfaces.  
Figure 2.4 gives the electromechanical coupling coefficients of various Lamb modes 
in AlN. The electromechanical coupling coefficients are also dependent on the top IDT 
configuration and the bottom electrode. AlN Lamb mode resonators with a floating bottom 
electrode and top IDTs are widely applied for their large K2 and simple fabrication. The K2 
shown in Figure 2.4 are extracted with such configuration of IDT and bottom. Overall, the 
A0 and A1 Lamb modes have low K2 below 1.5% while the S0 Lamb mode has K2 around 
2%. The S1 Lamb mode has the highest K2 of 3.65% at hAlN/λ = 0.11. Similar to the 
dispersion in phase velocities, K2 of A0, A1, and S1 is also dispersive while K2 of S0 exhibits 
a much smaller dispersion. 
Among the four Lamb modes, the S0 mode is preferred for overcoming 
disadvantages of SAW and BA devices because it provides a high phase velocity, reasonably 
large electromechanical coupling, and low dispersion in both phase velocity and 
electromechanical coupling. The large phase velocity and low dispersion allows S0 devices 
to scale over the frequency range collectively covered by SAW and BAW devices without 
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compromising kt2 and FBW in the process.  However, as shown Figure 2.4, the other modes 
can also be present as spurious modes in S0 devices due to their non-zero electromechanical 
coupling. To fully harness the benefits of S0 devices in constructing filters, these spurious 
modes have to be first suppressed, which is the first challenge of commercializing S0 mode 
vices, and the focus of Chapter 3. Besides the spurious mode suppression, the Q 
enhancement, and attaining Lamb mode resonators with high resonant frequency and large 
electromechanical coupling are also the challenges. Discussions and solutions are given in 
the later chapters. 
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CHAPTER 3 SPURIOUS MODE SUPPRESSION FOR AlN S0 RESONATORS 
3.1 Motivation 
 
Figure 3.1 Typical simulated response of (a) resonator elements and (b) their comprising ladder filter. 
The filter topology is shown in the inset. 
As detailed in the last chapter, several modes can co-exist in an S0 mode device as 
spurious modes. These spurious modes can be often observed in the measured responses of 
AlN Lamb mode resonators [44], [61], [62]. Regardless the nature of the spurious modes, 
these in-band spurious modes cause large in-band ripples and out-of-band spurious response 
in the comprising filters as seen in Figure 3.1. Therefore, spurious modes are considered as 
a major bottleneck in achieving high-performance filtering with AlN MEMS resonators.  
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Researchers have studied the origin of these spurious modes and the effective 
methods in suppressing these modes [63], [64], [65], [66]. For example, by introducing either 
a gap between top electrodes and bus lines or apodizations, the electric field distribution can 
be modified in the resonator body to minimize the electromechanical coupling of the 
transverse spurious modes. Another technique to suppress the transverse spurious mode adds 
a thin layer of SiO2 on the top of the electrode region to modify the boundary conditions at 
the electrical busing terminations [67]. A third approach focuses on attenuating the far out 
of band spurious response with a filter topology consisting of parallel resonators of different 
sizes [63]. These methods mostly suppress the transverse spurious modes introduced by the 
interplay between acoustic waves and transverse boundaries of the resonator. Another type 
of spurious response near the intended S0 mode resonance originates from the A0 modes. 
The mitigation of the A0 modes has not been studied yet even though they have been 
theoretically shown and experimentally proven to have a thorny presence around the 
intended resonance. 
This chapter will present two techniques to suppress the A0 spurious mode. The first 
one is called mode conversion. This technique utilizes a notch in the resonator body to 
convert A0 spurious mode to the intended S0 mode. The second one is named mode shifting; 
it attaches two identical SiO2 addendums to the lateral edges of the suspended AlN resonator 
body to shift the A0 spurious mode away from the intended S0 mode. 
3.2 Mode conversion for spurious mode suppression 
A conventional AlN Lamb mode resonator, as illustrated in Figure 3.2(a), is 
comprised of top interdigitated transducer electrodes (IDTs), a suspended AlN thin film, and 




Figure 3.2 (a) Mock-up view of a conventional AlN Lamb mode resonator. (b) Simulated admittance 
response of a conventional design at 220 MHz. (c) Displacement mode shapes of S0 and A0 modes 
in a conventional AlN Lamb mode resonator. The geometric parameters of this resonator are given 
later in Table 3.4. The electrically floating bottom electrode is Pt while the top IDTs are Al with a 
50% coverage of the pitch width Wp. The simulated response shows two main modes, one is the 
intended S0 mode, and the other nearby mode is the spurious A0 mode.  
the bottom electrode is electrically floating. The resonant frequency of the intended S0 mode 
is determined by the pitch of IDTs and phase velocity of S0 mode waves in the given film 
stack. As exemplified in the 2D finite element analysis (FEA) shown in Figure 3.2(b), an A0 
mode spurious resonance is observed close to the anti-resonance of a 220 MHz S0 mode 
device.  
Lamb mode conversion offers a promising alternative to A0 mode suppression that 
has never been exploited in the context of radio frequency micro-resonators. It has been 
widely applied to the detection and characterization of defects in non-destructive evaluation 
(NDE) based on the interaction of S0 and A0 modes with discontinuities (e.g., notches) [68], 
[69], [70], [71]. Upon encountering defects or damages such as a notch, S0 or A0 mode 




Figure 3.3 Conceptual illustration of the mode conversion process between the A0 and S0 modes in 
notched AlN. A0S0 denotes the A0 mode converted from the S0 mode, and S0A0 represents the S0 
mode converted from the A0 mode. 
 
Figure 3.4 (a) The A0 and S0 propagation in a 1 μm thick integrate AlN waveguide. (b) The A0 and 
the S0 mode propagation in the notched AlN when t = 10 ns. (c) The A0 and the S0 mode propagation 
in the notched AlN when t = 20 ns. (d) The A0 and the S0 mode propagation in the notched AlN 
when t = 40 ns. 
essence, arises from the diffraction and deflection of elastic waves through defects. The 
conversion ratio is determined by the shape and dimensions of the defects. In certain cases, 
the conversion can be unilateral between modes, and therefore diminishing for the mode 
being converted. The proposed approach aims to harness the mode conversion via installing 
notch shape defects in the suspended AlN thin films to gradually subdue the A0 mode 
content in the standing waves. 
As depicted in Figure 3.4, the mode conversion impact can be captured in transient 
2D simulations of S0 and A0 waves propagating through a semi-infinite AlN plate with 
identical and periodic notches. In these simulations, the A0 and S0 waves are launched by 
applying a time-varying point load vertically and horizontally respectively to one end of the 
thin AlN plate. The notches are chosen to have optimal dimensions (notch width Ws = 4 m 
and notch depth h = 0.3 m) for predominate conversion from A0 to S0. Periodic notches are 
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implemented to mimic the repeated encountering with the notch as the Lamb waves travel 
back or forth between the edges of a notched AlN resonator. Considering the 180-degree 
phase change upon reflections, the notches are alternatingly installed on both sides of the 
plate. In essence, these simulations can be interpreted as unfolding the standing waves in the 
resonator body in the time domain. The mode shapes in Figure 3.4(a-d) show that the 
conversion from A0 to S0 mode intensifies as A0 mode wave gradually propagates through 
the notches. The effect, however, is not mutual for S0 to A0 mode conversion. 
3.3 Mode shifting for spurious mode suppression 
As illustrated in Figure 3.5, the AlN Lamb mode resonator employing the A0 
mitigation consists of a suspended AlN thin film sandwiched by a set of top interdigitated 
transducer electrodes (IDTs) and a bottom electrode. The top IDTs are alternatingly 
connected to ground and an RF signal while the bottom electrode is electrically floating. 
Two identical SiO2 addendums are attached to the lateral edges of the suspended resonator 
body. SiO2 was selected as the material for forming addendums in AlN Lamb mode 
resonators due to two technical advantages. First, as seen in Figure 3.6, the phase velocity 
difference between the S0 and A0 modes in SiO2 is significant, therefore allowing a 
substantial spectral spacing to be created by addendums of slight width. The phase velocities 
and dispersive characteristics of the S0 and A0 modes are shown in Figure 3.6 are computed 
using finite element analysis (FEA) [72]. Second, the phase velocities of the S0 and A0 are 
much smaller in SiO2 than in AlN, suggesting that a given spectral spacing between A0 and 
S0 modes can be created by small addendums. As a result, the mass loading effect of the 
addendums is minimized. The mitigation of A0 spurious mode can be consequently achieved 




Figure 3.5 Mock-up view of an AlN resonator with SiO2 addendums. 
  
Figure 3.6 Phase velocities of the S0 and A0 modes in 1 μm thick AlN and SiO2 slabs. 
 
Figure 3.7 Stress field distribution of S0 in a device with SiO2 addendums. 
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Table 3.1 Design parameters of the AlN mode resonators 
Design Parameter Symbol Value 
Thickness of bottom Pt (nm) t1 100 
Thickness of AlN (μm) t2 0.5 
Thickness of top Al electrodes (nm) t3 50 
Pitch width (μm) Wp 15 
DT width (μm) WIDT 7.5 
DT length (μm) L 200 
No. of IDTs N 14 
Width of SiO2 addendums (μm) W0 0, 1.5, 1.75, 2 
 
To study resonance shift introduced by the SiO2 addendums, a simple 2D model is 
adopted for the devices with design parameters listed in Table 3.1. As shown in Figure 3.7, 
the model divides the resonator into three regions, the AlN resonator region in the center and 
two SiO2 addendums on both sides. The stress field, T(x), across the resonator can then be 
expressed as follows: 
 
∙ cos 					 ∙ 2 ∙ 2
∙ cos 																											 ∙ 2 ∙ 2
∙ cos 															 ∙ 2⁄ ∙ 2
 3.1  
where A1 and A2 are the amplitudes of the stress standing waves in SiO2 and AlN. γ is the 
phase term. N is the number of electrodes. k1 and k2 are the wavenumbers in SiO2 and AlN, 
respectively. Their values are given by 
 
2
 3.2  
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where f is the resonant frequency, and υp is the phase velocity of the S0 mode. Bounded by 
the stress continuity at the interfaces between SiO2 and AlN and the stress-free boundary 
conditions at the two ends, then [73]: 
 ∙ cos ∙ 2 0 3.3  
 
 ∙ cos ∙ 2 ∙ cos ∙ 2  3.4  




∙ tan	 ∙ 1 3.5  
 
 ∙ ∙ 2 2 1
2
 3.6  
where Z1 and Z2 are the acoustic impedances of the SiO2 and AlN slabs, respectively, and n 
is the mode order. 
Table 3.2 Computed resonance variations induced by SiO2 addendums 
W0 (μm) 0 1.5 1.75 2.0 
fS0 (MHz) 250.7 247.7 247.1 246.6 
∆fS0 (MHz) - -3.0 -3.6 -4.1 
fA0 (MHz) 249.8 232.3 231.5 230 
∆fA0 (MHz) - -17.5 -18.3 -19.8 
Table 3.3 3-D simulated resonance variations induced by SiO2 addendums 
W0 (μm) 0 1.5 1.75 2.0 
fS0 (MHz) 248.8 248 247 246 
∆fS0 (MHz) - -0.8 -1.8 -2.8 
fA0 (MHz) 251 246 241.5 237 




Figure 3.8 (a) Simulated response of the resonators with SiO2 addendums of various widths. The A0 
and S0 mode shapes are shown in the insets. (b) Zoomed-in view of the A0 modes in the simulated 
response. 
An infinite number of solutions can be found numerically for Eqn. (3.5) and (3.6), 
corresponding to the various order overtone resonances. For a device without SiO2 
addendums, the model predicts a resonance (fS0) for the Nth order S0 mode, namely the 
intended resonance. As listed in Table 3.2, the solutions for Eqn. (3.5) have also been 
numerically obtained for the devices with SiO2 addendums of various widths. By comparing 
the computed resonances for these devices, resonance variations (∆fS0) induced by SiO2 
addendums can be attained for the S0 mode. 
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Equations (3.5) and (3.6) can also be applied to computing the spurious A0 mode 
resonances (fA0) near the Nth order S0 mode and their variation (∆fA0) induced by SiO2 
addendums. Using the FEA predicted υp of A0 shown in Figure 3.6, the numerical solutions 
have also been attained and shown in Table 3.2. As anticipated, the SiO2 addendums 
introduce a larger downward resonance shift for A0 than for S0, thus creating the desired 
spectral spacing. Moreover, as the width of the SiO2 addendums increases, a larger spectral 
spacing can be introduced between S0 and A0. With addendums width of 2 μm, a spectral 
spacing of 14.6 MHz can be created between S0 and A0 in contrast to the 0.9 MHz spectral 
spacing prior to adding SiO2 addendums.   
The analysis and numerical solutions above assume negligible effects from the 
electrodes and anchor designs. To have a more accurate and comprehensive analysis, 3D 
models based on design parameters in Table 3.1 were also constructed in CoventorWare to 
investigate the resonance variation induced by SiO2 addendums. The simulated admittance 
is shown in Figure 3.8. The A0 spurious modes are identified by examining displacement 
mode shapes of the fine frequency resonances shown in Figure 3.8(b). The resonance 
variations are then computed and summarized in Table 3.3. The additional spurious response 
in Figure 3.8(b) are the transverse modes and are expected in the 3D modeling results. The 
FEA results in Table 3.3 match well with the numerical results for the 2D model in Table 
3.2. It is also worth emphasizing that the simulated kt2 of the four resonators in Figure 3.8 
has little variation, suggesting a weak or negligible influence from the addendums.   
3.4 Design of resonators with spurious mode suppression techniques 
As depicted in Figure 3.9, a mode conversion notch is installed between the pair of 




Figure 3.9 Resonator with a mode conversion notch installed in the center of the AlN body. 






Applicable freq. Fabrication 
Frequency (MHz) 220 220 95 360 430 535 95 220 360 430 535 
Thickness of Pt (nm) 100 100 100 100 100 100 100 100 100 100 100 
Thickness of AlN (μm) 1 1 1 1 1 1 1 1 1 1 1 
Thickness of Al (nm) 150 150 150 150 150 150 150 150 150 150 150 
Pitch width (μm) 20 20 47 12 10 8 47 20 12 10 8 
Notch width Ws (μm) 10 2, 6, 10 23.5 6 5 4 23.5 10 6 5 4 
Notch depth Ws (μm) 0.1-0.8 0.3 0 and 0.3 0, 0.1, 0.3, and 0.6 
IDT width (μm) 10 10 23.5 6 5 4 23.5 10 6 5 4 
IDT length (μm) 200 200 200 200 200 200 200 200 200 200 200 
Number of IDTs 10 10 4 10 10 14 4 10 10 10 14 
 
number of the IDTs is selected to be an even number so that the notch is situated in the center 
of the device. The key design parameters include the width and depth of the conversion notch 
and resonant frequency of the device. The notch sidewalls have been assumed to be straight 
in these investigations. As listed in Table 3.4, five groups of devices with various resonant 
frequencies are utilized as testbeds. The group of devices centered about 220 MHz is first 
explored to study the impact of notch depth and width on mode conversion. The notch depth 







Figure 3.10 Simulated mode conversion in 220 MHz resonators with different notch depths. (a) Ws 
= 10 μm, h = 0 μm. (b) Ws = 10 μm, h = 0.1 μm. (c) Ws = 10 μm, h = 0.2 μm. (d) Ws = 10 μm, h = 0.3 
μm. (e) Ws = 10 μm, h = 0.4 μm. (f) Ws = 10 μm, h = 0.5 μm. (g) Ws = 10 μm, h = 0.6 μm. (h) Ws = 





Figure 3.10 Simulated mode conversion (cont.). 
between the two centermost IDTs. The 2D COMSOL simulation results are summarized in 
Figure 3.10 with displacement mode shapes for pronounced resonances in the inset. As 
mentioned before, the conventional resonator without a notch exhibits two resonant modes 
in the the frequency range of interest, the intended S0 mode and spurious A0 mode (Figure 
3.10(a)). As the notch depth increases, the balance between the mode conversions (A0 to S0 
and S0 to A0) starts to change and A0 to S0 conversion outweighs S0 to A0 conversion. The 
mode conversion efficiency from A0 to S0 maximizes at an optimal notch depth of 0.3 μm, 
as reflected by the completely diminished A0 mode resonance. Further increasing the notch  
depth favors mode conversion of acoustic energy from the intended S0 converted into A0 
mode, and therefore introduces multiple A0 overtones across the spectrum. In addition to 
the notch depth, the notch width also affects the mode conversion performance. Limited by 
the 10 μm spacing between the adjacent IDTs, three designs with notch widths of 2, 6 and 
10 μm and the same notch depth of 0.3 μm were analyzed. Figure 3.11 illustrates that the 
resonators with both the 2 μm and 6 μm width notch still harbor considerable A0 spurious 
response while the 10 μm notch width shows the best performance in converting A0 mode. 





Figure 3.11 Simulated mode conversion in 220 MHz resonators with notch width of (a) Ws = 2 μm, 
h = 0.3 μm. (b) Ws = 6 μm, h = 0.3 μm. (c) Ws = 10 μm, h = 0.3 μm. 
A second important consideration regarding mode conversion technique is its 
applicable frequency range for a given notch depth. In the batch fabrication of AlN Lamb 
mode resonators, notch width can be lithographically defined and readily varied for different 




Figure 3.12 Simulated mode conversion in devices with various resonant frequencies: (a) 95 MHz. 
(b) 360 MHz. (c) 430 MHz. (d) 535 MHz. 
Although it is not conceivable to have more than one depth for the notches on the same wafer, 
it is optimal to have a large applicable frequency range for a given depth for minimizing 
fabrication complications and cost. Essentially, it is desirable that the suppression technique 
based on mode conversion can be effective over a large bandwidth. The other four groups 
of resonators with resonances at 95 MHz, 360 MHz, 430 MHz, and 535 MHz are analyzed 
to further verify bandwidth of effective mode conversion based on the optimal notch depth:  
h = 0.3 μm. The dimensions of the four groups of resonators are listed in Table 3.4. Figure 
3.12 shows that the 0.3 μm deep notches with various width can be applied to resonators 
with a wide range of resonant frequency (95-535 MHz) and remain effective in subduing A0 
spurious mode. The wide applicable frequency range indicates that the mode conversion 
techniques can be used to attain spurious mode free response without tarnishing the single-
chip multi-frequency capability or introducing excessive fabrication steps. 
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3.5 Fabrication of resonators with spurious mode suppression techniques 
 
Figure 3.13 Fabrication process for AlN S0 resonators with mode conversion notches. 
To validate the mode conversion technique, the five groups of resonators analyzed 
above, with resonances of 95 MHz, 220 MHz, 360 MHz, 430 MHz, and 535 MHz were 
fabricated. Their design parameters are given in Table 3.4.  In each group, a conventional 
resonator was also fabricated on the same wafer with the devices with mode conversion 
notches. Three notch depths, 0.1, 0.3, and 0.6 μm, are adapted for all frequencies to confirm 
the influence of notch depth on mode conversion efficiency. As depicted in Figure 3.13, the 
fabrication process starts with the deposition of the bottom Pt electrodes on a high resistivity 
Si wafer. An AlN layer with a thickness of 1 μm is then reactively sputtered at low 
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temperature. To ensure steep AlN sidewalls from the dry etch and subsequently optimal 
acoustic boundaries for attaining high Q, SiO2 is chosen as the hard etch mask for defining 
the resonator body. The SiO2 layer is deposited with PECVD to a thickness of 0.5 μm based 
on the selectivity between SiO2 and AlN in the dry etch process later used to etch AlN. The 
SiO2 etch mask is patterned with CHF3 based reactive ion etching (RIE) using photoresist as  
etch mask. With the etch mask defined, a Cl2-based RIE with inductively coupled plasma 
(ICP) is used to etch AlN. Upon the definition of the resonator body, the SiO2 is removed 
with the same CHF3-based RIE process. A second Cl2-based RIE-ICP is then used to install 
the mode conversion notch in the center of the device with SPR220 as etch mask. A 
photoresist etch mask is used in this case to reduce the fabrication complexity and maintain 
the AlN surface cleanness. Top electrodes, consisting of 150 nm Al, are deposited with 
sputtering and lift-off. Finally, the resonators are released using XeF2 based dry etching. 
Figure 3.14 shows the SEM images of the fabricated resonators at 95 MHz and 220 
MHz. Figure 3.14(c) is the zoomed-in view of the optimal notch of the 95 MHz resonators. 
The visible roughness at the bottom of the notch comes from the RIE process. The steep 
sidewall defined by the SiO2 is demonstrated in Figure 3.14(d). Figure 3.14(e) and Figure 
3.14(f) compare the angle of the AlN sidewalls defined by the SiO2 and the SPR220. 
The Cl2-based ICP-RIE used to define the notch uses an SPR220 etch mask, which 
results in more gentle sidewalls than those produced using the harder SiO2 dry mask. 
However, by optimizing the etching recipe and limiting the ICP and RIE power to prevent 
the reflow of the SPR220 during the etching, the minimum requirement of the notch sidewall 
steepness can be satisfied. In order to have a quantitative understanding of the requirement 




Figure 3.14 SEM images of the (a) 98 MHz and (b) 220 MHz resonators. (c) Zoomed-in view of an 
etched notch with a depth of 0.3 μm and a width of 23.5 μm. (d) The straight AlN sidewall defined 
by the ICP-RIE with a SiO2 hard mask. (d) The angle of the AlN sidewall defined by the SiO2 hard 
mask. (f) The angle of the AlN sidewall defined by the SPR220 mask. 
 
 
Figure 3.15 Simulated mode conversion in a 220 MHz resonator with various notch sidewall angles. 




Figure 3.16 Fabrication process for the resonators with SiO2 addendums. 
angles of 90°, 70°, 50°, 30°, and 10° are analyzed. Figure 3.15 shows how the slope of the 
notch affects the mode conversion. For a notch sidewall angle of 30 degrees, an obvious A0 
mode remains. However, notch sidewall angles of 50°, 70°, and 80° have almost the same 
mode conversion effect as the 90° sidewall. This allows for more tolerance in opening the 
notch during the fabrication as long as the notch sidewall angle is greater than 50°. The SEM 
image in Figure 3.10(f) shows a 75° sidewall of the notch achieved with the SPR220 as the 
etch mask. This sidewall satisfies the requirement presented in Figure 3.15. 
To verify the A0 mitigation technique using SiO2 addendums, four 250 MHz 
resonators, one conventional and three with SiO2 addendums of 1.5, 1.75, and 2 μm in width, 
were fabricated. As depicted in Figure 3.16, the fabrication starts with the deposition of the 




Figure 3.17 SEM images of the (a) A0 mode shifting resonator and (b) zoomed-in view of the SiO2 
addendum. 
To define the AlN resonator body, a Cl2-based reactive ion etching (RIE) process with 
inductively coupled plasma (ICP) is used with SiO2 as the hard etch mask. The SiO2 hard 
mask is deposited using plasma enhanced chemical vapor deposition (PECVD) and defined  
by a CHF3-based RIE process with an SPR220-based etch mask. After the ICP-RIE of AlN, 
the remaining SiO2 is removed by the same CHF3-based RIE process. To form the SiO2 
addendums, a second SiO2 PECVD of 0.5 μm is done and defined by another CHF3-based 
RIE with a photoresist-based etch mask. Next, top electrodes consisting of 50 nm Al are 
sputtered and defined via a lift-off process. Last, the resonators are released using XeF2 
based dry etching. Figure 3.17 shows the SEM images of a fabricated resonator and its SiO2 
addendum. The warping of the resonator body in Figure 3.17(a) is caused by the residual 
stress in the thin film. 
3.6 Resonator characterizations 
The measured and the simulated admittance responses of the 220 MHz resonators 
are shown in Figure 3.18. For the conventional design without a notch, a large A0 spurious 




Figure 3.18 Comparison between the simulation and measurement of (a) the conventional design 
and (b) the notched design. The simulated Q values are retro-fitted based on the measurements and 
do not indicate the simulation accuracy in predicting Qs. 
measurement of the fabricated device. Both the simulations and measurements show that the 
A0 mode is eradicated with the implementation of an optimal notch, as shown in Figure 
3.18(b). The slight frequency mismatch between the measurements and simulations is 
caused by the residual stress in the AlN thin film. The measurements of the all five resonators 
(95 MHz, 220 MHz, 360 MHz, 430 MHz, and 535 MHz) with different notch depths are 
demonstrated in Figure 3.19 (for avoiding clutter, the simulated ones are not included here). 
The measured response for the conventional designs all displays an A0 spurious response in 







Figure 3.19 Measured admittance response of the resonators with notch depths of 0, 0.1 μm, 0.3 μm, 
and 0.6 μm and S0 mode resonances around (a) 98 MHz, (b) 230 MHz, (c) 370 MHz, (d) 430 MHz 





Figure 3.19 Measured admittance response of the resonators (cont.). 
all show spurious mode free performance in measurements. These results have confirmed 
the effectiveness of the notch-based mode conversion technique. The Q values vary for 
resonators with different notch depths partially due to the acoustic wave scattering from the 
notch. 
The fabricated resonators were measured in dry air with an Agilent PNA-L 5230A 
at room temperature. The measurement results are shown in Figure 3.20 and summarized in 




Figure 3.20 (a) Measured response of the resonators with SiO2 addendums of various widths. (b) 
Zoomed-in view of the A0 modes in the measured response. 
Table 3.5. Measured resonance variations induced by SiO2 addendums 
W0 (μm) 0 1.5 1.75 2.0 
fS0 (MHz) 252 249 247 246.4 
∆fS0 (MHz) - -3 -5 -5.6 
fA0 (MHz) 253.5 248.5 245 238 
∆fA0 (MHz) - -5 -8.5 -15 
conventional device and the devices with SiO2 addendums. For the conventional design, a 
pronounced A0 spurious mode is observed near 251 MHz in the simulation and confirmed 
by measurements. Both the simulations and measurements show that the A0 spurious mode 
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can be shifted away from the S0 mode by attaching SiO2 addendums. The measured device 
with SiO2 addendums of 2 μm in width has the A0 spurious mode shifted the furthest from 
the S0 mode. The measured kt2 and Q do not exhibit a large variation between devices with 
and without SiO2 addendums. The measured results have confirmed the effectiveness of A0 
spurious mode mitigation using SiO2 addendums and their insignificant impact on kt2 and Q. 
3.7 Summary 
In this chapter, two techniques to suppress the spurious modes in AlN Lamb mode 
resonators are discussed. For the mode conversion technique, resonators with mode 
conversion have been designed, analyzed, fabricated, and verified. Both the simulated and 
measured results show that the A0 mode can be eradicated by the optimal notches for 
resonators ranging from 95 MHz to 535 MHz with a maximal kt2 improvement of 41%. All 
the resonators share the same notch depth. This would engineer the industrial batch 
production of resonators with various frequencies. A0 mode-free resonators with higher 
frequencies can be achieved by reducing the thickness of the AlN (this is required by the S0 
mode excitation) and installing a notch with the depth of 30% of the AlN thickness and with 
a width of 100% of the IDTs space. For the mode shifting technique, resonators using SiO2 
addendums have been investigated. Both simulations and measurements have shown that 
attaching SiO2 addendums can successfully mitigate the A0 spurious mode without 







CHAPTER 4 Q ENHANCEMENT FOR AlN S0 RESONATORS  
In spite of the many advantages of AlN S0 devices, they do still have lower 
electromechanical coupling in comparison to conventional SAW and BAW devices.  In order 
to achieve insertion loss comparable to SAW and BAW devices, the figures of merit (defined 
as the product of electromechanical coupling and quality factor) of S0 devices have to 
improve to be on par with those of SAW and BAW.  As discussed in Chapter 2, because the 
maximum achievable electromechanical coupling is fundamentally set by the piezoelectric 
properties of the resonator material, enhancement of electromechanical coupling is quite 
limited unless doping of AlN is adopted. However, doping of AlN is still in the early stage 
of research, results thus far often show degradation of device Q proportional to the doping 
percentage and coupling enhancement, leading to a zero-sum increase for device FoM [8]. 
With great challenges in enhancing kt2 of AlN S0 mode devices. Naturally, the other venue 
to enhance device FoM, namely quality factor, has to be visited for S0 devices.  Anchor loss, 
which is the main loss mechanism affecting the Q of resonators at RF, is not fully understood 
in a quantitatively fashion. This chapter first investigates the anchor loss and then proposes 
Q-boost techniques using lithographically defined released regions.  
4.1 Motivation 
As discussed in Chapters 2 and 3, Aluminum Nitride (AlN)-based Lamb mode 
resonators have spurred significant research activities due to their great versatility either as 
a key enabler for low phase noise oscillators [74], [75], [76] or a building block for RF filters 
[77], [78], [79], [80]. As a result of the research that focused on three major areas, namely 
electromechanical coupling [3], [81], quality factor [17], [18], spurious-free response [46], 
[61], [62], [65], AlN Lamb mode resonators have seen gradual performance enhancement. 
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Their improvement approaches range from material-driven efforts, such as AlN doping [8], 
[82], [83]  and AlN on insulator stacking [84], to design-driven techniques, such as 
topological optimization of electrodes [45], [85] and anchors [86], [87], [88], [89]. Many 
unknowns previously in the design process has become well-practiced art due to the 
knowledge accumulated through the last decade of research. 
One of few outstanding challenges for designing AlN Lamb wave resonators lies in 
the precise modeling and prediction of Q. Prior works on this topic have shown conflicting 
trends, and it remains inconclusive on where the fundamental limits of Q are for different 
structures and material compositions. The slow progress in quantitatively and 
deterministically predicting Q is understandable as it is a complex subject with multiple 
interlaced factors at work. The quality factor is collectively determined by an assortment of 
loss mechanisms that cannot easily, if at all possible, be isolated in the construct of a micro-
resonator for standalone experimental investigations.  
Despite the complexity of the subject, researchers have attempted to simplify the 
solution by first addressing the most dominant loss mechanism in a given type of resonators 
in a specified frequency range.  The rationale is that once the current Q bottleneck imposed 
by the dominant limiting factor is overcome, the second dominant loss mechanism can then 
be exposed, studied, and eventually improved experimentally as well. For AlN Lamb mode 
devices targeting radio frequencies as their application venues, it is believed anchor loss is 
the dominant loss factor, although some studies have made contradicting claims under 
certain circumstances. It is not surprising that a quick survey of the published anchor loss 
studies would reveal that researchers in the field have different opinions on how severe the 
anchor loss is in AlN Lamb mode devices.  
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The equivocality seen in anchor loss studies so far originates from three key reasons. 
First, it still takes a considerable amount of computing resources to analyze a piezoelectric 
micro-resonator in 3D FEM. The optimization outcome of a 3D FEM, even after examining 
the mode shapes, often does not yield straightforward insights and design guidelines. Second, 
there is a debate on what type of boundaries one should use and how much surrounding of 
an anchored device one should be included in 2D or 3D FEM for best emulating the 
fabricated devices. Third, the experimental corroboration of modeling results is often not 
sufficiently convincing, unless other mitigating factors are speculatively accounted for.  
Besides the challenges in modeling, anchor loss studies have mostly focused on the 
tethers (e.g., topology and bandgap engineering) [86], [87], [88], but not the anchors which 
consist of not only the tethers but also their connections to the surrounding support structures. 
The assumption that energy leaks through the tethers should be considered as the anchor loss 
is often vaguely implied, particularly for AlN devices that are released with XeF2 and have 
no lithographically defined sacrificial layers.  
This chapter revisits some of the underlying assumptions of anchor loss studies and 
uses an acoustic S-parameter based framework to analyze the energy loss to the substrate via 
the anchors. Based on the reflection coefficients extracted at the interfaces between released 
and unreleased areas, a XeF2-based device is considered as two coupled cavities that are 
collectively confined by the interfaces between released and unreleased areas and derive its 
Q. From the insights of the above analyses, and to further improve anchor loss, a novel 
fabrication technique called “sandbox process” is introduced to attain lithographically 
defined release regions and thus place the interfaces between the released and unreleased 
51 
 
regions right at the end of the tethers. The framework and approach outlined in this work 
shall lead to a more rigorous understanding of the anchor.  
This chapter is organized as follows: Section 4.2 analyzes the anchors of 
conventional AlN resonators and establishes a qualitative assumption about the energy 
confinement at the interference between an anchor and tether. Section 4.3 offers a theoretical 
approach to model the Q as a function of reflection coefficients at the interface and the 
topology of the resonator. Section 4.4 discusses techniques empowered by the sandbox 
process to improve the quality factors of AlN devices. Section 4.5 and 4.6 present the 
measurement results of the anchor loss and the sandbox released resonators. At last, Section 
4.7 concludes with the outlooks on future directions for additional improvement.  
4.2 Analysis of anchors 
Figure 4.1 shows a conventional AlN Lamb wave resonator, which consists of a 
suspended rectangular-shaped plate sandwiched by top and bottom interdigitated electrodes 
and anchored via multiple tethers to the Si substrate. Many studies in literature enable the 
suspension with XeF2-based isotropic etching of Si substrate through lithographically 
defined etch windows.  The shape and size of the release regions, i.e., the areas under the 
resonators with Si removed, are set by several factors, including the geometries of anchor 
windows, etch time, and etch rates. Typically, release regions typically take on rectangle 
shapes with rounded corners although precisely controlling their shapes and sizes in wafer-
level fabrication of monolithic multi-frequency devices is very challenging, if at all possible. 
The limitation of the XeF2-based release process results in the suspension of AlN thin films 
beyond the resonant cavity and its tethers. In other words, the AlN resonator body is tethered 




Figure 4.1 Configuration of a conventional AlN Lamb wave resonator. 
Table 4.1 Design parameters of the AlN S0 Lamb mode resonator 
Design Parameter Value 
Thickness of bottom Pt (nm) 100 
Thickness of AlN (μm) 1 
Thickness of top Al (nm) 150 
Pitch width Wp (μm) 20 
IDT width (μm) 15 
IDT length (μm) 180 
No. of IDTs 8 
 
For such device structures, optimizing the tether design first has to take on a certain 
assumption about the reflection coefficient seen at the ends of the tethers, which is often not 
explicitly stated in prior works or not supported with quantitative evidence. For instance, in 
the literature [88] it does not specify a reflection at the end. Instead, it assumes that all waves 
reaching the end are dispersed and then dissipated. In another literature [89] the authors 
assume an OPEN condition at the end of the tether which corresponds a reflection coefficient 




Figure 4.2 Circuit model of a conventional AlN S0 resonator capturing the effects of reflection at 
the release boundaries as well as the coupling between the resonator cavity and surround released 
regions. 
 




Figure 4.4 Simulated admittance of resonators with different reflection coefficients at the end of 
released regions. 
In studying these devices, the focus is to investigate the factors that affect Q of the 
conventional resonators. A Mason’s model-based circuit of an AlN S0 resonator is built to 
explain the Q. Table 4.1 lists the design parameters of the resonator. As shown in Figure 4.2, 
the circuit has a primary resonator which represents the suspended resonator body, two 
transformers which correspond the energy couplings through tethers, and two secondary 
resonators which constitute the released AlN region outside the primary resonator body. The 
Mason’s model is used to represent the main resonator and the two secondary resonators. A 
detailed description of the parameters regarding Mason’s model could be found in [90].  
Different from prior research mainly relies on optimizing the tether width and length 
to improve the Qs while neglecting the reflection at the release interface, our model factors 
in both the tether coupling and the reflection at the release interface in a comprehensive 
manner.  As shown in Figure 4.3, changing the dimensions of the tethers affects the coupling 




Figure 4.5 Time domain simulations of the S0 Lamb wave propagation toward and incidence upon 
the anchor. 
the resonator via allowing different amounts of energy leaked to the substrate. However, 
increasing the tether coupling η from 0.05% to 1% almost does not change the joint Q of the  
resonator as the reflection coefficient at the interface (Γ = 0.47) has dominating influence on 
Q for such small η. As η is increased above 1% and further towards 10%, more of its impact 
can be seen on Q. On the other hand, as shown in Figure 4.4, varying the reflection 
coefficient from 1 to 0 with the coupling set at 5% will significantly decrease the collective 
Q from 4300 to 282. 
As discussed above, one critical factor that affects the collective Q of the resonator 
is the reflection at the interface. To understand the reflection, two models are proposed, 
namely, a time domain model and a frequency domain model. The time domain model uses 
animation for visualization while the frequency domain model utilizes incident and reflected 
waves to precisely extract the reflection coefficients. Figure 4.5 depicts the COMSOL-based 
2D time domain model. It consists of an AlN thin film that is partially suspended and is 
partially anchored to a Si substrate with the lateral backing of a perfectly matched layer 
(PML). In the simulation, a pulse of S0 Lamb wave with a duration of three periods is 
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launched at t = 0 ns toward the anchor. At t = 40 ns, the S0 wave reaches the interface 
between the suspended and anchor sections of the AlN film and gets partially reflected and 
partially transmitted into the unreleased region. Although not immediately apparent at t = 40 
ns, the reflected waves include both S0 and A0 due to the mode conversion at the reflection 
[46]. At t = 60 ns, the two types of Lamb wave are more discernable as they become more 
separated in their propagation due to their different velocities. As also shown at t = 60 ns, 
the transmitted wave is an asymmetric Lamb wave.      
 
Figure 4.6 Frequency domain model for extracting the reflection coefficient at the release interface.  
To accurately investigate the reflection coefficient, a frequency domain model is 
required. Figure 4.6 shows the frequency domain model where the continuous incident S0 
stress wave σ+ on the left of the interface produce a reflected stress wave σ-. The frequency 
domain model has the same structural setup as Figure 4.1. After the structure is analyzed in 
a COMSOL frequency-domain simulation and σ+ and σ- are extracted versus frequency, the 







 4.1  
where S is the cross-section area of the AlN film, and Z0 is the characteristic impedance of 
the suspended AlN film. The computed Γ is shown in Figure 4.7, identifying a low reflection 
(Г=0.47) and room for Q enhancement.  
 
Figure 4.7 Computed reflection coefficient Γ at the release interface. 
To increase the total Γ at the interface, one has to reduce the interface. Such an 
approach in practice requires precisely setting the interface to the anchor, or in other words, 
the boundaries of the release regions. It thus requires some sorts of techniques that enable 
precise definition of the released region. A new technique called sandbox process will be 
introduced in Section 4.4 to achieve such a precise release definition. Before the discussion 
on the sandbox fabrication, it is necessary to theoretically understand the anchor loss. Section 
4.3 will investigate the anchor loss of the resonators with defined release regions surrounding 
the outline of the etching windows. 
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4.3 Analysis of anchor loss in AlN resonators with defined released regions 
 
Figure 4.8 Illustration of the wave vector of (a) ideal mode, (b) main mode, (c) third transverse mode, 
and (d) fifth transverse mode. 
This section mainly discusses the anchor loss. The release interfaces are the outsides 
of the etching windows. The Lamb wave couples into the tethers and then partially leaks into  
the unreleased region. The leakage accounts for the anchor loss which could be expressed 
by Qanc. The anchor loss Qanc can be computed by the wave loss through tethers [88] 
 2  4.2  
In AlN Lamb wave resonators, waves travel and reflect back and forth, forming 
standing waves in the resonator cavity. The four boundaries, left, right, front, and back work 
together supporting the resonance of the waves. The main mode and the transverse mode are 
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bounded by the suspended edges of the resonator body. The wavelength in the x- and y- 





	 4.3  
where n and m are integers describing the number of half wavelengths in the x- and y- 
directions, respectively, and λx and λy are the wavelengths in the x- and y- directions. W and 
L are the width and length of the resonator cavity. When n and m are even, the strain and 
stress tensors would result in kt2 to be 0 and thus minimize the excitation of the resonant 
mode. Therefore, n and m shall be only odd for an existing resonance. The first four 
resonances are described in Figure 4.8. The first resonance S1,0 in Figure 4.8(a) is the 
resonance formed by the left and right boundaries. There is no vector component in the y-
direction since L is infinite long in the y-direction. This is an ideal situation. No such 
resonance would be excited in a real resonator. The second resonance S1,1 in Figure 4.8(b) is 
formed by the left, right, front, and back boundaries. When n = m = 1, there is one half 
wavelength standing wave in both the x- and y-directions. Wavenumbers in the x- and y- 
directions could be written as: 
 , 	 4.4  








	 4.6  
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The strain distribution for these four resonances could be written as 
 , 	 , sin	 cos	 2  4.7  
 
 , 	 , sin	 sin	 cos	 2  4.8  
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 , 	 , sin	 sin	
5
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where A1,0, A1,1, A1,3, A1,5 are the amplitudes of the strain waves, and fs is the resonant 
frequency. The e-form constitutive equations are widely used to relate the stress and strain 
tensors, which could be written as 
 	  4.11  
 
 	  4.12  
where c is the stiffness constant, S is the strain tensor, e is the piezoelectric constant, E is the 
electric field, ε is the dielectric permittivity, and D is the charge density displacement vector. 
The superscripts E and S denote the stiffness constants and the dielectric constants are 
measured at the constant electric field and constant strain. The superscript T in the 
piezoelectric constant denotes the transport of the matrix. The resonance vibration is small 
and governed by three-dimensional equations of the linear piezoelectricity [91]. Since the 
polarization is in the thickness (z) direction, the constitutive Eqns. (4.11) and (4.12) could 
be rewritten as follows: 
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Provided that the thickness of AlN is much smaller than Wp and L, the normal stress 
and the shear stress will vanish across the resonator:  
 0 4.22  
Substituting Eqn. (4.22) into Eqns. (4.13) - (4.21) gives  
 ̃ ̃ ̃  4.23  
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where  
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Since S1,0 cannot be excited in the actual resonator, let us consider only the second 
resonance S1,1 and neglect the time-term, then  
 sin	  4.28  
 
 sin	  4.29  
 
 ̃ sin	 ̃ sin	 ̃  4.30  
 
 ̃ sin	 ̃ sin	 ̃  4.31  
 
Figure 4.9 Illustration of energy leakage through the tether. 
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The waves will leak through the tethers and get partially reflected at the release 
interface, as depicted in Figure 4.9. By integrating the wave flow at the cross section of the 
tethers, the power of the leaked waves can be easily computed after taking account of the 
reflection. WA and tA are the width and thickness of the tether. The power flows through the 
tether can be computed as follows: 
∙  
̃ sin ̃ sin ̃
̃ sin ̃ sin ̃  
̃ ̃ ̃ 1 cos 																													 4.31       
Defining the reflection coefficient at the interface as Γ, the power lost to the 
unreleased region is 
 2 1  4.32  
The total power stored in the resonator is 
 	   
11 1 sin 12 1 sin 31 1 sin
12 1 sin 11 1 sin 31 1 sin  
16
̃ 4 ̃ ̃ 																																																											 4.33  
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Therefore, the Q of the resonator due to the anchor loss is 
 






31 11 12 1 1 cos 1
	 4.34   
 
 
Figure 4.10 Computed Qanc of the sandbox resonator with a defined release region. 
Taking the resonator in Section 4.2 for example and substituting the parameters into 
Eqn. (4.34), the dependence of Q on Γ is obtained and shown in Figure 4.10. As Γ increases, 
Q becomes larger and larger. When Γ = 0.47, which is the extracted reflection coefficient at 
the interface between the released and unreleased regions, Q is 5150. This is the ideal Q 
considering only the anchor loss. When Γ = 1, Q is infinitely large since there is no power 
loss.   
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4.4 Sandbox process 
 
Figure 4.11 Fabrication procedures of resonators with sandbox process. 
Conventional resonators use XeF2 to isotopically release the resonator, which makes 
it impossible to define the released region precisely. In order to experimentally investigate 
the reflection coefficient and fabricate resonators with the defined released region, a sandbox 
process is introduced with which the released region could be lithographically defined and 
minimized [92]. Figure 4.11 shows a fabrication process of AlN resonators with the sandbox  
process. The sandbox process (step 1 to step 5) begin prior to the typical AlN resonator 
fabrication process. It starts with a high-resistivity Si wafer and is followed by a reactive ion 
etching (RIE). Then, a 5 nm thick Al2O3 thin film is deposited by atomic layer deposition 
(ALD) on sidewalls and bottom of the trenches as well as the wafer surface. A poly-Si layer 
from low-pressure chemical vapor deposition (LPCVD) that is deeper than the trenches is 
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refilled. After that, the entire wafer is polished by chemical mechanical planarization (CMP). 
The Al2O3 film works as an etch-stop layer for the final XeF2 etching. After the sandbox 
process, the AlN resonator fabrication starts from step 6. Then, 100 nm Pt is deposited by 
evaporation and then lifted off with negative photoresist AZ5214E. Then, 1 μm thick AlN is 
reactively sputtered and followed by the interdigitated transducers (IDT) lithography with 
photoresist SPR220. The 150 nm Al is sputtered and lifted off as the top IDTs. Hard mask 
SiO2 is chosen to define the AlN film by inductively coupled plasma – reactive ion etching 
(ICP-RIE). During this etching step, precise control of the etching time is crucial since long 
time etching could damage the very thin Al2O3 layer. After that ICP-RIE, the remaining SiO2 
is removed. Finally, the resonator is exposed to XeF2 for release. The final XeF2 release 
works very differently compared to the conventional release. The Al2O3 has extremely high 
etching selectivity relative to Si when exposed to XeF2. It works as an etching stop layer so 
that only the Si above the Al2O3 will be removed. The above process allows for precise 
anchoring geometries in MEMS resonators and so on. 
4.5 Measurements for anchor analysis 
Section 4.2 theoretically investigates the reflection at the interface, which results in 
a reflection coefficient of 0.47. To experimentally verify this reflection coefficient, a 
reflection test structure is designed and fabricated with a sandbox process in this section. As 
shown in Figure 4.12, the structure has a similar configuration as the usual resonator except 
the positions of the etching windows and the sandbox underneath. The etching windows are  
moved from the longitudinal direction to the transverse direction. The sandbox area is within 
the red dashed rectangle. When excited, Lamb waves along the y-direction will be entirely 




Figure 4.12 Reflection test structures. (a) Configuration of the test structure. (b) Reflection of the 
waves in longitudinal and transverse directions. 
 
Figure 4.13 SEM images of the (a) reflection test structure and (b) bottom of the sandbox. 
encounter the interface between the released and the unreleased regions and get reflected. 
The reflection happening in the longitudinal direction (x) could be considered as the 
reflection discussed in Section 4.2. Fabrication of this structure follows the steps in Figure 
4.11.  
Figure 4.13 gives the SEM images of the reflection test structure. The depth of the 
sandbox in Figure 4. 13(b) is 4 μm which is defined during the RIE process in fabrication 




Figure 4.14 Measured admittance of the reflection test structure. 
measured and model fitted admittance. The resonance is at 200 MHz and with a Q of 9. A 
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Q of 9 corresponds a measured reflection coefficient of 0.55, which is close to the 
simulated value of 0.47.  
4.6 Measurements for sandbox released resonators 
Two groups of resonators at 220 MHz are fabricated: conventional resonators with 
isotropic release and sandbox resonators with defined release. The two resonators have the 
same configurations except the release regions. Their design parameters are listed in Table 
4.1. The fabrication of the conventional resonator is identical to that of the sandbox resonator 
except the sandbox process. Figure 4.15(a) shows the microscope image of the conventional 
resonator. A clear and vast isotropic release region outside of the resonator is observed. The 




Figure 4.15 Microscope images of the (a) conventional resonator with an isotropic release region 
and (b) resonator with a sandbox-defined release region. 
 
Figure 4.16 SEM images of the (a) conventional resonator with an isotropic release region, (b) 
resonator with sandbox-defined release region, (c) exposed release pit created by isotropic XeF2 etch, 




Figure 4.17 Measured admittance of the conventional resonator in dry air.  
 




Figure 4.19 Measured admittance of the sandbox resonator in vacuum environment.  
body. Figure 4. 15(b) gives the microscope image of the sandbox resonator with a released 
region which is a minimized rectangle. Figure 4.16 shows the SEM images of the 
conventional resonator, sandbox resonator, zoomed-in view of the isotropic release, 
zoomed-in view of the sandbox release. In Figure 16(a), the isotropically released resonator 
has a deep etching depth in the thickness direction, which can be told by the black holes in 
etching windows. The deep and large release pits in Figure 16(c) also confirm this. The 
sandbox resonator, whose release depth and area are defined beforehand, has well-defined 
release pits as shown in Figure 16(b) and (d).   
The fabricated devices were measured in dry air first and then under a vacuum of 
3×10-5 Torr. Figure 4.17 shows the measurements of the conventional resonator in dry air 
and its MBVD fitting. It has a resonant frequency at 217 MHz with Q of 1972 and kt2 of 
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1.8%, which gives an FoM (defined as the product of Q and kt2) of 35.5. Figure 4.18 depicts 
the measured admittance of the sandbox released resonator and its MBVD fitting. It has the 
same resonant frequency and kt2, but its Q is 3952, two times higher than that of the 
conventional one. The FoM of the sandbox release resonator is 71.1, which is the highest 
among the reported AlN S0 Lamb wave resonators. The reason for obtaining such a high Q 
or FoM is the removal of the release region outside the resonator body. 
Table 4.2 Statistical measurement of conventional resonators in dry air, sandbox resonators in dry 
air, and sandbox resonator in a vacuum environment 
Device Isotropic, in dry air Sandbox, in dry air Sandbox, in vacuum 
1 1405 2401 2820 
2 1414 2421 2850 
3 1476 2475 2900 
4 1482 2550 2945 
5 1534 2562 2950 
6 1569 2654 3060 
7 1680 3081 3200 
8 1722 3240 3700 
9 1774 3260 4300 
10 1972 3952 4334 
Average 1603 2860 3050 
 
As mentioned, measurement in vacuum would remove the influences of vibration or 
air damping which could possibly affect the Q. To get rid of these influences, the sandbox 
release resonator was measured in a vacuum chamber. All other measurement setups are the 
same as in the dry air. The measured admittance response is shown in Figure 4.19. The 
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measured Q is improved from 3952 to 4334 without compromising the kt2. The FoM of the 
resonator now reaches as high as 78. 
To check the uniformity of Q enhancement from the sandbox release, statistical 
measurements across a series of resonators were done. Table 4.2 lists the measured Qs of 
these resonators. Overall, in dry air, all the conventional resonators have lower Qs than the 
sandbox release resonators. When in vacuum, the Qs of sandbox release resonators could 
further be improved. The average Qs of the conventional resonators in dry air, sandbox 
release resonators in dry air, and sandbox resonators in vacuum are 1603, 2860, and 3050, 
respectively. Treating the first averaged Q of 1603 as the base, the second and the third have 
Q enhancements by 78% and 90%. 
4.7 Summary 
This chapter presented a Q boost technique by redefining the release region of AlN 
resonators. Previous researches have not qualitatively or quantitatively investigated the 
reflection at the interface between released and unreleased areas. To examine the factors that 
affect the Qs, a circuit model for the resonator is built and analyzed, confirming that it is the 
reflection coefficient but not the tethers that influence the Qs. Time domain and frequency 
domain models were proposed to study the reflection. The time domain model qualitatively 
demonstrated the reflection happening at the interface while the frequency domain model 
quantitatively computed the reflection coefficient. This is the first time to theoretically 
investigate the reflection.  
To further verify the reflection and fabricate Q-enhanced resonators, a sandbox 
process to define release regions was introduced. Measurements of the reflection test 
structure implied a reflection coefficient of 0.55. Conventional resonators with isotropic 
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release regions and sandbox resonators with defined release regions were fabricated and 
measured. When in dry air, the sandbox resonator significantly improved the Q from 1972 
to 3952 without compromising the kt2. Further Q enhancement to 4334 could be obtained by 
doing the measurement in vacuum. The measured FoM of 78 is the highest value among 
reported AlN S0 Lamb wave resonators. After that, 10 identical resonators were measured 
to confirm the uniformity of the Q enhancement.  
As illustrated, the reflection coefficient plays a crucial role in determining the Qs of 
the resonators. Enlarging the impedance mismatch at the interface could increase the 
reflection. Consequently, the resonator can have better energy confinement, leading to a 
higher Q. Increasing the impedance mismatch could be achieved by adding materials with 















CHAPTER 5 HIGH-FREQUENCY AlN S1 RESONATOR 
The first-order symmetric (S1) Lamb mode utilizing both thickness and lateral 
vibrations has much higher phase velocities, which can potentially lead to higher-frequency 




Figure 5.1 Mock-up view of an AlN S1 Lamb mode resonator. 
As aforementioned, MEMS resonators have recently been extensively studied due to 
their more compact sizes, higher performance, and better integration capability with other 
front-end electronics. For example, lithium niobate (LiNbO3) Lamb mode resonators have 
been demonstrated with great potential for front-end RF filtering due to their large 
electromechanical coupling and wafer-level frequency diversity [93], [94]. Surface acoustic 
wave (SAW) resonators, due to their high performance, have been the commercial solutions 
in cellular handsets [95] . 
However, the two aforementioned resonators have the limitation of operations at high 
frequencies (<2.5 GHz), owing to the low phase velocities of the acoustic modes in LiNbO3. 
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In contrast, the AlN film bulk acoustic resonator (FBAR) based thickness extensional modes 
can achieve a phase velocity of 10,000 m/s [96]. AlN resonators adopting S0 Lamb modes 
in the longitudinal direction can also attain a similar high phase velocity [46]. Nevertheless, 
for frequency bands over 3 GHz, such as LTE bands 42 and 43, modes with higher phase 
velocities are desirable to maintain either the film thickness or electrode pitch sufficiently 
large so that power handling is not significantly degraded in the process of scaling to higher 
frequencies. As pointed out in [60], higher-order Lamb wave modes in AlN show good 
electromechanical coupling and much higher phase velocities for a certain range of film 
thickness relative to wavelength. Thus, exploiting higher-order Lamb modes can potentially 
lead to higher-frequency resonators and filters without compromising other key performance 
parameters. Among these modes, the first-order symmetric (S1) Lamb mode is the more 
promising option since it shows a higher electromechanical coupling (K2) and phase velocity 
simultaneously than the other Lamb modes [60]. 
This chapter designs and demonstrates a 3.5 GHz AlN S1 Lamb mode resonator, 
which could be further used to construct high-frequency filters or duplexers. The 
electromechanical characteristics of the S1 Lamb mode in AlN are first investigated to guide 
the design of the resonator and are followed by finite element analysis of the designed 
resonator. The measurements of the fabricated S1 Lamb mode resonator show a high 
electromechanical coupling (kt2) of 3.59% and a quality factor (Q) of 550, achieving good 
agreement with the simulation. 
5.2 Phase velocity and coupling characterization 
Similar to thickness-field excited S0 mode devices, an S1 Lamb mode resonator 
consists of top IDTs, a suspended AlN film, and a bottom electrode as seen in Figure 5.1. 
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The top IDTs are alternatingly connected to the RF signal and ground while the bottom 
electrode is electrically floating. In order to attain the best performance for S1 mode, it is 
important to first analyze the S1 wave propagation characteristics in the device structure 
shown in Figure 5.1. In the following analyses, the top interdigitated transducers (IDT) are 
set to 100 nm Al and the bottom electrode is chosen to be 100 nm Pt. The pitch width Wp is 
set to be 4.4 μm.  
The dispersion of Lamb modes in an AlN film can be theoretically computed using 
finite element analyses (FEA)  with the material constants of AlN from [72] . For comparison, 
Figure 2.3 shows the phase velocities of the first four Lamb modes in the aforementioned 
material stack. The phase velocity of the S1 Lamb mode is more dispersive than the other 
three modes, resulting in a much larger phase velocity especially when the AlN film is thin 
relative to the wavelength. For example, when hAlN/λ is 0.1 (at which the S1 mode also has 
the most substantial coupling), the phase velocity of the S1 mode is more than 50,000 m/s.  
The electromechanical coupling (K2) of the Lamb modes, can be calculated by 
comparing the FEA predicted phase velocities under electrically open and shorted surface 
boundary conditions [97]. Figure 2.4 illustrates the K2 of the first four Lamb modes with 
respect to h/λ. The K2 of the S1 mode is also more dispersive and maximizes at 3.6% when 
hAlN/λ is 0.1.  
In addition to the phase velocity and electromechanical coupling, spurious mode free 
response is also crucial for synthesizing filters. Thus, duty factor (DF), defined as the ratio 
of IDT width to pitch width, is also investigated as it affects the occurrence of spurious 
modes. Four configurations with DFs of 0.2, 0.4, 0.6, and 0.8 are analyzed with 2D FEA. 




Figure 5.2 Simulated admittance responses of the S1 Lamb mode resonators with DF of (a) 0.2, (b) 
0.4, (c) 0.6, and (d) 0.8. 
responses of the four S1 Lamb mode resonators. When the DF is 0.2 or 0.4, there is a large 
spurious mode around the intended S1 Lamb mode. This spurious mode is believed to be 
excited by the thickness direction E-fields via d33. As the DF increases, the spurious mode 
becomes gradually mitigated and is finally diminished at DF = 0.8. Moreover, the kt2 of the 
S1 Lamb mode is enhanced by a factor of 2 through suppressing the nearby spurious mode 
and transducing more energy into the intended S1 mode. 
Combining the insights from the above analyses, the thickness of the AlN film for 
the S1 mode resonator is chosen to be 1 μm, which results in hAlN/λ of roughly 0.1, and the 
DF is set to be 0.8. Other design parameters are kept the same as the ones shown in Table 
5.1. Figure 5.3 gives the 2D simulation result by COMSOL over a wider frequency range.  
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Table 5.1 Design parameters of the AlN S1 Lamb mode resonator 
Design Parameter Value 
Thickness of bottom Pt (nm) 100 
Thickness of AlN (μm) 1 
Thickness of top Al (nm) 100 
Pitch width Wp (μm) 4.4 
IDT width (μm) 3.5 
IDT length (μm) 144 
No. of IDTs 14 
 
5.3 Resonator design and fabrication 
 
Figure 5.3 Simulated response of the AlN S1 mode resonator. 
The mode shapes of both the S0 and S1 resonances are shown in the insets, along 
with that of the spurious mode. As seen in Figure 5.3, the resonator exhibits an S1 resonance 
at 3.44 GHz with a device electromechanical coupling (kt2) of 3.60%. Meanwhile, an S0 
Lamb mode is also observed at 0.96 GHz with a kt2 of 1.9%. Similar to results predicted in 
Figure 2.4 and Figure 2.5, the S1 mode shows a much higher resonant frequency and larger 




Figure 5.4 (a) Fabrication process for the S1 Lamb mode resonator. (b) SEM of the fabricated S1 
mode resonator. 
In order to experimentally verify the designed S1 device performance, the resonator 
with the design parameters given in Table 5.1 was fabricated. As depicted in Figure 5. 4(a), 
the fabrication starts with the evaporation of the 100 nm bottom Pt on a high resistivity Si 
wafer. A 1 μm thick AlN film is then reactively sputtered and followed by the definition of 
100 nm top Al IDTs via sputtering and lifted-off. SiO2 is deposited and patterned as a hard 
etch mask to define the AlN resonator body using a Cl2-based reactive ion etching (RIE) 
process with inductively coupled plasma (ICP). After ICP-RIE, the remaining SiO2 is 
removed with CHF3-based RIE. As the last step, the resonator is released using XeF2 based 
dry etching. Figure 5.4(b) shows the SEM image of the fabricated S1 mode resonator.  
5.4 Measurement and comparison 
The fabricated resonator was tested with an Agilent PNA-L5230A at room 
temperature and in dry air. Figure 5.5(a) depicts the measured admittance response over a 




Figure 5.5 Measured and MBVD modeled responses of the AlN S1 mode resonator. (a) Wide 
frequency range response. (b) Zoomed-in S1 response.  
The response of the resonator is also fitted with the modified Butterworth-Vandyke (MBVD) 
model shown in the inset of Figure 5.5. Details about the MBVD model have been introduced 
and can be found in Chapter 2. The extracted values of the motional components are listed 
in the inset table. 
Both S1 and S0 mode resonances are observed in the measurement at 3.5 GHz and 
0.95 GHz, respectively, which agree well with the simulation. The slight mismatch between 
the simulated and measured resonant frequencies is caused by the residual stress in the AlN 
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thin film and slightly thinner metal electrodes. Based on the ratio of the extracted Cm1 to C0, 
the kt2 of the S1 mode is determined as 3.59%. The loaded Q is measured as 550. This Q is 
still far from the limit set by the Akhieser limit [98], and thus has room for improvement. 
The current anchor configuration may not be optimal since it has not been thoroughly 
investigated. By optimizing the anchor design, it is very likely that the Q of S1 Lamb mode 
could be further improved.  
Table 5.2 Comparison of the state-of-the-art high-frequency AlN resonators 
Ref f (GHz) kt2 (%) Q PoM 
[99] 1.34 0.42 1837 10.3 
[100] 1.98 0.65 600 7.7 
[101] 1.94 2.27 600 26.4 
[81] 1 4.6 600 27.6 
[102] 3.2 4.9 653 102 
This work 3.5 3.59 550 69.1 
 
Table 5.2 compares this work with the state-of-the-art S1 Lamb mode resonators [99， 
100, 101] and other high-frequency AlN resonators, such as the cross-sectional Lamé mode 
resonator (CLMR) [81] and two-dimensional mode resonator (2DMR) [102]. For a fair 
comparison, the product of merit (PoM) of f × kt2 × Q is adopted for evaluation. The S1 
Lamb mode resonator in this work has exhibited excellent performance in both frequency 
scalability and large kt2. In [99], to prevent the interface loss between the bottom electrode 
and the AlN film, the bottom electrode is intentionally removed from the resonator. This 
technique could boost the Q up to 1837. However, the kt2 diminishes significantly due to the 
lack of a bottom electrode. In [100], zero group velocity (ZGV) is achieved for the S1 mode 
by adopting a specific ratio of the AlN film thickness to wavelength. Nevertheless, the 
absence of the bottom electrode in this work also limits the kt2. As a result of the limited kt2 
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in these demonstrations, this work, in comparison, provides a much higher PoM. 
Benchmarked to other high-frequency resonators, this work also provides a higher PoM than 
CLMR [81], thanks to its better frequency scalability. While having a lower PoM than 
2DMR [102] due to its slightly lower kt2 and Q, the S1 mode in this work has the potential 
to show a higher PoM by leveraging its superior frequency scalability than 2DMR and 
further improvement on Q. 
5.5 Summary 
A 3.5 GHz AlN S1 Lamb mode resonator has been designed, fabricated, and 
measured in this study. The fabricated resonator has achieved a high product of merit (f × kt2 
× Q) of 69.1. With improved Q, the S1 mode resonators could be exploited to construct high-















CHAPTER 6 HYBRID WIDEBAND RF FILTERS 
The bandwidth of ladder and lattice filtering topologies highly depends on 
electromechanical coupling of the comprising resonators. To overcome the bandwidth 
limitation, a hybrid filtering topology with a spurious mode suppressed AlN S0 Lamb mode 
resonator and lumped elements is proposed in this chapter. This new topology utilizes the 
high Q characteristics of AlN S0 resonators and wide bandwidth of lumped element-based 
filters.  
6.1 Motivation 
High-performance wideband bandpass filters (BPFs) with compact size are highly 
sought after for modern RF front ends. They are used to select the desired radio frequency 
(RF) bands among spectrally close bands while suppressing interference and noise. Filters 
based on various resonator technologies, including microstrip [103], [104], [105], lumped 
element [106], [107], [108], and acoustic/microelectromechanical systems (MEMS) [109], 
[110], all have been developed in recent years. Among them, microstrip resonators and filters 
have the advantages of simple fabrication, low cost, and great power handling. However, 
their size is significant due to the high phase velocity and large wavelength of 
electromagnetic waves in typical microstrip substrates at radio frequencies. Their quality 
factors are also moderate in comparison to their acoustic counterparts. To reduce the 
insertion loss (IL), large inter-resonator couplings have to be adopted. As a result, microstrip 
filters generally have the very wide bandwidth (BW) and gradual roll-offs. In contrast, 
lumped elements-based resonators and filters are much smaller than microstrip, but their 
performance is often difficult to fulfill the low IL and sharp roll-off requirements of RF 
front-end filters due to their very low Qs. In order to reduce dimensions and improve 
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performance, resonators relying on acoustic waves traveling at much slower speeds with 
lower attenuation have often been adopted to enable compact and high-performance filters 
[111]. Nonetheless, the maximum BW of an acoustic filter for a given topology (e.g., ladder) 
is fundamentally limited by the electromechanical coupling (kt2) of the resonator, which 
ranges from 0.1% to 10% for commercially available acoustic technologies [112], [113]. 
Such kt2 translates to a fractional bandwidth FBW between 0.05% and 5% for a ladder 
configuration. Applications simultaneously requiring compact size, sharp roll-off, and very 
wide bandwidth (>5%) cannot be accommodated by any of the aforementioned technologies 
alone. 
More recently, an approach of mixing lumped elements with surface-acoustic-wave 
(SAW) resonators have been proposed to widen the BW of acoustic filters while preserving 
the small form factor and high Q performance [114]. Despite showing an effective 
bandwidth widening factor (BWF), which is defined as the ratio of the FBW of the filter to 
the kt2 of the comprising acoustic resonator, the demonstrated performance is afflicted with 
spurious response originated from the spurious modes in the acoustic resonator. The 
achieved FBWs also remain much smaller than those of LTE standards. This chapter has 
developed compact wideband filters utilizing lumped elements in conjunction with the 
aluminum nitride (AlN) MEMS Lamb mode resonators technology. Compared with quartz 
SAW devices used in [114], AlN Lamb mode resonators feature a higher kt2 (1%-2%) [46], 
comparably high Q, better scalability toward high frequencies [115], and most importantly, 
spurious mode suppressed response [63]. The resonant frequency of AlN Lamb mode 
resonators can also be lithographically defined, thus allowing arrays of resonators with 
different frequencies readily manufactured on the same chip. Such a feature enables the 
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intimidate integration of a multitude of frequencies with the lumped elements in a system-
in-package (SIP) configuration. So far, the low kt2 of AlN Lamb mode resonators has limited 
its application to the narrowband system. By connecting an AlN Lamb mode resonator with 
lumped elements, one can similarly distance the two transmission zeros for enhancing the 
FBW without introducing pronounced spurious response and significantly degrading the 
overall Q, thus meeting the stringent requirements of modern RF front ends. 
6.2 Filter design and analysis 
 
Figure 6.1 Circuit schematic of the proposed BPF. 
 
Figure 6.2 (a) Measured responses of the conventional and notched resonator. (b) MBVD model of 
the notched resonator. 
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The design of hybrid filters in this work consists of a spurious mode suppressed AlN 
MEMS LVR, a paralleled inductor L0, and a pair of three-lumped element matching 
networks (Figure 6.1). The spurious mode suppression in AlN resonator is achieved by 
installing a carefully designed notch in the resonator body [46]. Chapter 3 has shown that an 
optimal notch can completely eradicate the asymmetric spurious mode and simultaneously 
increase the kt2. The resonator is described by the modified Butterworth-Van-Dyke (MBVD) 
model that includes a static capacitor C0, a motional capacitor Cm, a motional inductor Lm, 
and a motional resistor Rm, as shown in Figure 6.2(b).  
A parallel L0 is added to the acoustic resonator to decouple the anti-resonance of the 
resonator and generate two symmetric TZs. The value of the L0 is determined by the resonant 




 6.1  
The matching network on each side is formed by a series inductor Ls, a shunt inductor 
Lp, and a shunt capacitor Cp. Cpara represents the parasitic capacitance introduced by wire-
bonding the MEMS resonator to the matching networks on the PCB. The function of the 
matching network is to enlarge the BW and increase the out-of-band rejection for the filter. 
Therefore, the three lumped elements in each matching network must resonate at fs, the 





2  6.2  
The working principle of the filter can also be explained using a coupling matrix 
diagram (CMD). As shown in Figure 6.2(a), the CMD consists of four resonant nodes (RAlN, 






Figure 6.3 (a) CMD of the designed BPF. (b) Simulated responses of the designed BPF. L0 = 750 
nH, Ls = 330 nH, Lp = 330 nH, and Cp = 3 pF. N1 = 0.71, N2 = 0.71, M1 = -0.22j, M3 = 0, N3 = 400, 
M4 = 0, r = 253.5, and i = 0.06. 
RAlN and N in combination represent the AlN resonator. The parallel L0 is denoted by the 
node Rde. The resonant nodes Ri_LC and Ro_LC produce the impedance inversion and enhance 
the out-of-band rejection simultaneously. The comparison between the CMD and circuit 
models is shown in Figure 6.2(b). Both models assume infinite Qs for all lumped elements 
and nodes, thus yield ideal IL. 
Overall, the parallel L0 sets the two TZs that bound the maximally achievable BW of 
the filter. The matching networks or the RLC determine the actual BW, out-of-band rejection, 
roll-off, and IL. Thus, the optimal performance can be attained by tuning Ls, Lp, and Cp. 
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6.3 Implementation and measurement 
 
Figure 6.4 (a) Implemented filter. (b) Spurious mode free AlN MEMS resonator. 
The filters were implemented by first fabricating the spurious mode suppressed AlN 
resonators and then integrating them with the matching networks on a printed circuit board 
(PCB). The fabrication of the resonator utilizes a process described in detail in [46]. The 
PCB is based on an FR4 with a thickness (t1) of 1.524 mm, a dielectric constant (εr) of 4.8, 
dielectric, dielectric loss tangent tan (δD) of 0.008, and copper cladding thickness (t2) of 18 
μm. The PCB and the ground pads were carefully designed to minimize parasitic capacitance 
in integrating the AlN resonator on a bare die. A 0.8 pF parasitic capacitance due to wire 
bonding (Cpara) was extracted and accounted for in the matching network designs. As the 
final step, surface mounted inductors and capacitors were assembled on the PCB to complete 
the hybrid filter as shown in Figure 6.3(a). An optical microscope image of the integrated 
AlN resonator is shown in Figure 6.3(b). 
To demonstrate that the filtering performance can be easily adjusted, two filters using 
the same AlN resonator and different combinations of lumped elements, denoted as Filters 




Figure 6.5 (a) Performance of Filter A. (b) Performance of Filter B. Magnified views of the 
passbands are shown in the insets. 
identical to the design shown in Figure 6.3 except that Cp is changed to compensate for the 
parasitic capacitance induced by wire bonds. Filter B consists of L0 = 750 nH, Ls = 270 nH,  
Lp = 150 nH, and Cp = 4.1 pF. The inductors and capacitors in Filters A and B have Qs of 50 
and 1500 respectively. The filters were measured with an Agilent PNA-L 5230A in dry air 
and at room temperature. As seen in Figure 6.4, the results show good agreement with the 
simulations. Filter A demonstrates an FBW of 5.5% with an IL of 2.7 dB and out-of-band 
rejection of 20.5 dB, while Filter B shows a smaller FBW of 4.4%, a larger IL of 3.2 dB, but 
an increased out-of-band rejection of 26.6 dB.  Although the AlN resonator in this work has 
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the A0 spurious mode removed, the less pronounced spurious modes further from the 
resonance are accentuated by the hybridization with the lumped elements and emerge near 
the upper roll-off of the filter response. These spurious modes, typically transverse in nature, 
can be diminished in the future with well-developed apodization techniques [65]. 










417.9 0.07 0.91 1.25 1.5 15 [114] 
417.8 0.4 5.1 0.77 1.5 5 [114] 
498 0.4 0.4 5.0 0.81 40 [80] 
750 3.9 0.25 4 0.005 35 [110] 
227 5.5 4.4 2.7 1.5 20.5 This work 
227 4.4 3.8 3.2 1.5 26.6 This work 
 
Table 6.1 compares the demonstrated filters with the state-of-the-art acoustic filters. 
The filters in this work exhibit excellent performance, with the largest FBWs and great 
BWFs. The BWF of the filters can be further increased by using a larger Ls and Lp, and 
smaller Cp, but at the expense of reducing out of rejection. Additionally, in contrast to the 
filters in [114] which demonstrate moderate rejection in their far out-of-band regions, filters 
in this work maintain an extremely high rejection over a wide frequency range. The IL of 
the filters in this work is higher, which is mainly caused by the lower Qs of the lumped 
elements at the frequency range of this work. By scaling the designs toward high frequencies 
where compact high Qs inductors are accessible, the IL can be reduced. The size of the 
designed filters is on par with other demonstrations based on the similar approach of mixing 
lumped elements with acoustic devices. Note that the filters in this work are a proof of 
concept. The integration approach based on wire bonding a die-level AlN resonator with the 
lumped elements has limited the miniaturization. By using a more intimate flip-chip 
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approach that involves chip-scale lump elements [80], the form factor of these filters can be 
substantially improved. 
6.4 Summary 
Wideband filters using spurious mode suppressed AlN MEMS resonator and lumped 
elements have been designed, implemented, and characterized. Both the simulation and the 
measurement results of the designed filter have shown a high BWF of 4.4, and a wide 
bandwidth of 5.5% and a 26 dB out-of-band rejection. The technique in this work extends 
the application of AlN MEMS Lamb mode resonators, which are previously limited to 

















CHAPTER 7 LITHIUM NIOBATE MULTILAYERED RESONATORS  
7.1 Motivation and introduction 
As discussed in Chapters 1-5, AlN Lamb mode resonators offer high phase velocities 
and relatively large electromechanical couplings. With the proposed hybrid filtering 
topology, the FBW could be enlarged to 5.5%. However, this is still not enough to cover 
certain 4G RF bands, such as LTE band 41 which requires an FBW of around 8% [116]. To 
satisfy the wideband requirement, lithium niobate (LiNbO3) which has pronounced 
piezoelectric properties, is chosen as the piezoelectric material to construct filters [4], [73] 
[117], [118], [119].  
The growth of LiNbO3 was first developed in the 1960s with the Czochralski 
technique. The material attracted a lot of attention in surface acoustic wave (SAW) devices 
and finally became a successful substrate platform with low loss and low cost [95], [120], 
[121], [122]. However, the rapid growth of modern wireless communication requires higher-
frequency bands and presents significant challenges to LiNbO3-based SAW which has phase 
velocities of only 4000 m/s. To solve this issue, researchers have considered using high-
quality LiNbO3 thin films instead of bulk LiNbO3 as the platform for acoustic devices. It was 
not fruitful at the beginning as it is difficult to integrate LiNbO3 thin films with carrier 
substrates. However, thanks to the advancements in crystal-ion-slicing and micromachining 
techniques, LiNbO3 thin films were successfully formed and bonded to carrier substrates 
such as Si, SiO2, and bulky LiNbO3 [4], [11], [123], [124]. Since then, many efforts have 
been made in developing various acoustic resonators on thin film LiNbO3. Among these 
resonators, Lamb mode resonators have shown great potentials for wideband and high phase 
velocity applications due to their larger electromechanical couplings. To date, all 
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demonstrated LiNbO3 Lamb mode resonators are released by isotropic etching, resulting in 
suspended LiNbO3 thin films. Though suspended structures help confine acoustic waves, 
they make the LiNbO3 thin films very fragile and incapable of handling large power. Inspired 
by the Bragg reflectors in surface mounted resonators (SMRs) [32], [125], [126], [127], this 
chapter proposes using Bragg reflectors for LiNbO3 Lamb mode resonators to enhance the 
structure robustness, temperature stability, and power handling capability, while still 
maintaining decent Qs.  
7.2 Material properties of LiNbO3 and LiNbO3 Lamb mode resonators 
LiNbO3 is a highly anisotropic material. Different cuts of LiNbO3 present different 
material properties. These variations provide much design space for engineering acoustic 
devices targeting various applications. For example, Lamb modes propagating along the 
direction of 30º to +Y axis in X-cut LiNbO3 is highly desirable for wideband applications 
because of the large electromechanical couplings [4], [94], [128], [129], [130]. Before 
discussing the LiNbO3 Lamb mode resonator, it is necessary to look into the material 
properties of LiNbO3. Table 7.1 includes the stiffness constants and their temperature 
coefficients, compliance constants and their temperature coefficients, piezoelectric stress 
constants and their temperature coefficients, piezoelectric strain constants and their 
temperature coefficients, dielectric constants and their temperature coefficients, density, 
thermal conductivity, and coefficient of thermal expansion of Z-cut LiNbO3 at rotated angle 
of 0º [53], [131]. These parameters directly or indirectly determine the device properties, 
such as coupling coefficients, phase velocity, quality factor (Q), temperature stability, and 






Figure 7.1 (a) Configuration of a typical LiNbO3 Lamb mode resonator. (b) S0 Lamb mode shape 
in LiNbO3 resonators. 
Stiffness constants, piezoelectric stress constants, and dielectric permittivity 
constants of LiNbO3 at other orientations or cuts, could be obtained by performing the matrix 
rotations [132] 
 ̃ ∙ ∙  7.1  
 
 ̃ ∙ ∙  7.2  
 
 ̃ ∙ ∙  7.3  
where c, e, and ɛ are stiffness, coupling, and permittivity matrices of unrotated Z-cut LiNbO3. 
c , e , and   are new matrices after rotations; a is the transformation matrix determined by 
the Euler angles; M is the bond matrix. a and M can be found in [132]. A typical rotation 
convention is rotating sequentially about z-, x-, and z-axis. For devices with an orientation 
of θ in the Y-cut place, rotations could be performed by using Euler angles of (θ, 90, 0). For 
devices with an orientation of θ in the X-cut plane, Euler angles are (θ, 90, -90). After the 
rotations, the constants in the new matrices could be used to analyze specific properties of 
LiNbO3, and this is especially helpful in 2D finite element method (FEM)-based COMSOL  
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Table 7.1 Material parameters of Z-cut LiNbO3 
Parameter Symbol Value Temp coeff. 
Stiffness constants  
(×1011 N/m2) and their temp 
coefficients (ppm/K) 
c11 2.030 -174 
c12 0.573 -252 
c13 0.752 -159 
c14 0.085 -214 
c33 2.424 -153 
c44 0.595 -203 
c66 0.728 -143 
Compliance constants 
(×10-12 m2/N) and their temp 
coefficients (ppm/K) 
s11 5.831 166 
s12 -1.15 0.28 
s13 -1.45 1.94 
s14 -1.00 1.33 
s33 5.206 1.60 
s44 17.10 2.05 
s66 13.96 1.43 
Piezoelectric stress 
constants (C/m2) 
e15 3.76 147 
e22 2.43 79 
e31 0.23 221 
e33 1.33 887 
Piezoelectric strain 
constants (×10-11 C/N) 
d15 6.92 245 
d22 2.08 234 
d31 -0.085 191 
d33 0.60 113 
Dielectric constants  
(×10-9 F/m) 
ɛ11 0.392 323 
ɛ33 0.247 627 
Density (kg/m3) ρ 4640 
Thermal conductivity 
(W/mK) k 5.6 





simulations considering the 3D simulations take a tremendous amount of time. The 
configuration of LiNbO3 Lamb mode resonators is similar to that of AlN Lamb mode 
resonators. As shown in Figure 7.1(a), a typical LiNbO3 S0 Lamb mode resonator consists 
of two layers: a suspended LiNbO3 thin film and interdigitated transducers (IDTs) on top. 
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When in operation the IDTs are alternatingly connected to the RF signal and ground to 
generate lateral electric fields. The lateral electric fields excite longitudinal expansions and 
contractions in the LiNbO3 film through the piezoelectric strain constant d11. Figure 7.1(b) 
illustrates the S0 mode shape of LiNbO3 Lamb mode resonators. Besides the S0 mode, there 
are also many other types of modes, e.g., A1 mode [11] and shear horizontal (SH0) mode 
[66], [73]. Extensive research regarding these modes, resonator designs, and the spurious 
mode suppression have been done fruitfully and explained well. To avoid repetition and stay 
more focused, this chapter will only discuss the design and realization of Bragg reflectors 
for LiNbO3 Lamb mode resonators. 
7.3 Bragg reflectors 
 
Figure 7.2 Cross-sectional view of a LiNbO3 Lamb mode resonator with Bragg reflectors. 
As shown in Figure 7.2, Bragg reflectors consist of several alternating high and low 
acoustic impedance layers. The LiNbO3 Lamb mode resonator is situated on the Bragg 




Figure 7.3 Transmission line model of the Bragg reflectors. 
and vertically. Horizontal waves are bounded by the defined LiNbO3 edges and reflected 
back and forth due to the large impedance difference between air and solids. For the vertical 
waves, the air-solid interface on top works as a perfect boundary to reflect the waves. 
However, the bottom solid-solid interfaces transmit and reflect waves. The reflection heavily 
relies on the layers in the Bragg reflectors. Generally, to achieve high reflections or reduce 
the wave loss, there are two key aspects to the Bragg reflectors. First, the ratio of high 
acoustic impedance and low acoustic impedance should be as high as possible. The higher 
impedance mismatch at the interface, the stronger the reflection will be. Second, the 
thickness of each Bragg layer should be a quarter wavelength so that the wave in the Bragg 
reflectors could resonate.  
To better understand the reflection, Figure 7.3 uses transmission lines to model the 
Bragg reflectors. In the model, each layer is represented by a section of transmission line 
with characteristic impedance of its acoustic impedance. ZBragg is the impedance looking into 






 7.4  
where Zi is the characteristic impedance, Zi-1 is the load impedance, li is the length of the 
transmission line or thickness of the Bragg layer, and βi is the propagation constant. Since 
each layer is a quarter wavelength thick, Eqn. (7.4) can be rewritten as 
  7.5  




 7.6  
where Zs is the acoustic impedance of the substrate. The reflection coefficient R at the 
interface between LiNbO3 and the top low acoustic impedance layer can be computed by 
  7.7  
Table 7.2 Acoustic properties of resonator materials 
Material E (GPa) 
Density 
(kg/m3) 
v (km/s) Z (per unit m2) 
LN  — 4.7e3 6.025 2.83e7 
AlN  — 3.3e3 9.3 3.3e7 
Si3N4 250 3.1e3 8.98 2.8e7 
SiO2 70 2.2e3 5.64 1.24e7 
Glass 70 2.2e3 5.64 1.24e7 





Figure 7.4 Reflection coefficient of the Bragg reflectors. 
By knowing the acoustic impedances of LiNbO3, low impedance layer, high 
impedance layer and the substrate, and the number of Bragg layers, it is easy to extract the 
reflection coefficient at the boundary of LiNbO3 and Bragg reflectors. The materials in the 
Bragg reflectors play vital roles in determining the reflection. As stated, the ratio of ZH and 
ZL should be large in order to obtain stronger reflection at the interface. There are many 
material candidates for these two layers. Based on the availability and popularity, Table 7.2 
lists some potential materials which can be used. AlN demonstrates the highest acoustic 
impedance and is a good choice for the high impedance layer. SiO2, which has a very low 
acoustic impedance and can be easily deposited by the plasma-enhanced chemical vapor 
deposition (PECVD) process, is a good choice for the low impedance layer. Si is chosen as 
the substrate because of its wide availability and good compatibility. The final material 
choices are: resonator body – LiNbO3, high impedance layer – AlN, low impedance layer – 
SiO2, and substrate – Si.  
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By plugging the materials chosen into Eqns. (7.6) and (7.7), the reflection coefficient 
R of the Bragg reflectors is obtained and shown in Figure 7.4. As the number of reflector 
layers increases, R becomes more substantial. It approaches 1 when six or more layers are 
used. In this thesis, for reducing fabrication complexity, n is set to be 3 (2 SiO2 layers and 1 
AlN layer), corresponding a reflection coefficient of 0.92. 
7.4 Resonator design and configuration 
 
Figure 7.5 Configuration of the LiNbO3 multilayered resonator. 
Figure 7.5 shows the configuration of the LiNbO3 multilayered resonator. The 
designed resonator has a resonant frequency at 1 GHz. For obtaining large electromechanical 
couplings, X-cut LiNbO3 thin film with an orientation of 30º is chosen as the piezoelectric 
material for the resonator body. The design details are given in Table 7.3. 
Substrate — as stated, Si is chosen as the substrate material to support the Bragg 
reflectors and the resonator. Si is widely used in semiconductor and MEMS manufacturing. 
The Si used in later fabrication is double-polished and with a thickness of 525 μm.  
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Table 7.3 Design parameters of the LiNbO3 multilayered resonator 
Design Parameter Value 
Piezo-material LiNbO3 
Cut and rotation X-cut, 30 degrees to +Y 
LiNbO3 thickness 1.2 μm 
LiNbO3 length 120 μm 
Pitch width 3.2 μm 
DF (duty factor) 0.5 
IDT number 8 
IDT metal Al 
IDT thickness 100 nm 
SiO2 thickness 1400 nm, 2 layers 
AlN thickness 1600 nm, 1 layer 
Weighted electrode Yes, half 
Substrate Si, 525 μm 
 
Bragg reflectors — AlN and SiO2 are the high and low impedance materials in 
Bragg reflectors. Generally, their thicknesses equal to a quarter wavelength of the waves. 
The resonant frequency designed is 1 GHz. Wave speeds in AlN and SiO2 are around 9000 
m/s and 5600 m/s respectively, which correspond to 2.25 μm thick AlN and 1.4 μm thick 
SiO2. However, these thicknesses are preliminary estimates without taking account of the 
Poisson effect and spurious mode reduction. Analyses after optimization result in 1.4 μm 
SiO2 and 1.6 μm AlN.  
LiNbO3 — 1.2 μm thick X-cut LiNbO3 film is adopted as the material for the 
resonator body. The thin film is bonded to the top of the Bragg reflectors. 
IDT — the interdigitated transducer (IDT) is made of metal, and its thickness is 
usually varying from 50 to 250 nm. Thicker IDTs provide lower metal resistance but also 
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shifts the resonant frequency lower due to the mass loading effect. The smallest feature size 
of the designed resonators is 800 nm. Such a small feature size requires an E-beam 
lithography technique to define the lift-off patterns. The thickness of the photoresist in E-
beam lithography is around 430 nm, which limits the IDT thickness below 100 nm. Al is 
chosen as the IDT material because of its low resistivity. 
Pitch width — when the LiNbO3 thickness is fixed, the pitch width of the electrodes 
determines the resonant frequency. The resonant frequency and pitch width are related by: 
 λ 2
 7.8  
where υ is the phase velocity of the S0 Lamb wave in LiNbO3, which is around 6400 m/s. 
Wp is the pitch width. For 1 GHz resonant frequency, the pitch width is about 3.2 μm. 
Weighted electrodes — unwanted spurious modes and overtone resonances disperse 
energy and decrease the quality factor. The weighted electrodes technique that adds a half 
pitch on the left and right edges of the resonator can effectively modify the electric field 
distribution and excites S0 Lamb modes with overtones removed. Thus, two weighted 
electrodes of 1.6 μm wide are added.  
7.5 Finite element analysis of the resonator 
The 1 GHz LiNbO3 multilayered resonator is analyzed with the finite element 
analysis (FEA) method. As shown in Figure 7.6, the resonator shows a resonance at 1 GHz 
with an electromechanical coupling of 20%. Such a large electromechanical coupling comes 
from large piezoelectric constants of S0 LiNbO3. Q of the resonator is computed to be 1000. 





Figure 7.6 Simulated admittance response of the proposed LiNbO3 multilayered resonator. 
 
 




Figure 7.8 Displacement of the wave in the thickness direction at 0.8 GHz. 
 
Figure 7.9 Displacement of the wave in the thickness direction at 1.5 GHz. 
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To better understand the wave propagation in the Bragg layers, displacements and 
wave shapes in the thickness direction are depicted. At the designed frequency of 1 GHz, it 
is expected that: each Bragg layer is a quarter wavelength thick; standing waves are formed  
in Bragg reflectors and LiNbO3; very little waves are leaked to the Si substrate. Figure 7.7 
shows the waves at 1 GHz. As predicted, the waves propagate as standing waves with around 
a quarter wavelength in each Bragg layer. Most of waves reflect upon reaching the interface 
of the Si substrate. This can be told by the negligible amplitudes of the waves in the Si. For 
comparisons, waves at 0.8 GHz and 1.5 GHz are also depicted in Figure 7.8 and Figure 7.9. 
Since the Bragg reflectors are designed best working for 1 GHz, waves at other frequencies  
would not resonate or have much more leakages. As seen from Figures 7.8 and 7.9, the waves 
at 0.8 GHz and 1.5 GHz cannot form standing waves in Bragg reflectors. Also, the waves in 
the Si is significant, which means there are large leakages of the Bragg reflectors.  
7.6 Fabrication characterization and process  
 
Figure 7.10 Warpage of 4-inch bare Si wafer, 4-inch Si wafer with 1400 nm PECVD SiO2 on top, 




Figure 7.11 Outlook of (a) 4-inch Si wafer with 1400 nm PECVD SiO2 on top and (b) bonded 
LiNbO3 thin film on compensated Bragg layers. 
Fabricating the LiNbO3 multilayered resonator involves many micro- and nano-scale 
processes, including film deposition, stress control technique, LiNbO3 film bonding, e-beam 
lithography, sputtering, lift-off, and ICP-RIE etching. Among these processes, stress control  
is crucial in this fabrication since it directly affects the later LiNbO3 thin film bonding which 
requires a surface warping no more than 100 μm. This section will first discuss stress control 
and then describe the entire process.  
There are two primary sources of thin-film stress: extrinsic and intrinsic. The 
extrinsic sources include applied stress, thermal expansion, and plastic deformation, while 
the intrinsic sources include growth morphology, lattice mismatch, and phase transformation 
[133], [134]. Growing PECVD SiO2 on a Si substrate will inevitably introduce considerable 
stress in the SiO2, causing large surface warpage. Three 4-inch Si wafers (wafer 1, bare Si 
wafer; wafer 2, Si wafer with 1400 nm PECVD SiO2 on top; wafer 3, bare Si wafer with 
1400 nm PECVD SiO2 on top and 1400 nm PECVD SiO2 on the back) are adopted to 
investigate the warpage. The three wafers are measured their surface warpage. As shown in 
Figure 7.10, position 0 is the center of the 4-inch wafer; the measurement is conducted from 
one end to the other end. The maximal warpage for the bare Si wafer (wafer 1) is 7 μm, 
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which is mainly caused by the wafer polishing. After depositing 1400 nm PECVD SiO2 on 
top (wafer 2), the warpage increases to 75 μm (Figure 7.10), which is close to the threshold 






 7.9  
where σ is the film stress, ∆ is the warpage of the film, r is the radius of the film. The tsubstrate 
and tfilm are the thickness of the substrate and the film. The E and υ are Young’s modulus 
and Poisson ratio of the substrate. By plugging measured warpage and other parameters into 
Eqn. (7.9), a compressive stress of -340 MPa is obtained and shown in Figure 7.11(a). To 
compensate for the large stress and reduce the warpage, SiO2 of the same thickness is 
deposited on the back of the wafer. Now both the top and bottom have 1400 nm SiO2, the 
stresses on top and back will even out. As plotted in Figure 7.10, the warpage is reduced to 
9 μm, which is much lower than the threshold of 100 μm. After compensating all the Bragg  
layers with SiO2 on back, a total surface warpage of 10 μm is achieved. Such a small warpage 
guarantees the following LiNbO3 thin film bonding. 
Figure 7.12 depicts the entire fabrication process. The deposition of the Bragg layers 
has to go through multiple rounds of compensations (in step 1 to step 6). After compensating 
all the Bragg layers and polishing the top surface, an X-cut LiNbO3 thin film of 1.2 μm thick 
is bonded to the top SiO2 layer of the Bragg reflectors. Figure 7.11(b) shows the bonded 
LiNbO3 on the Bragg reflectors. In step 9, IDTs were formed with E-beam lithography, Al 
sputtering, and lifting off. Then, 6 μm SiO2 is then deposited by PECVD and patterned by 
200 nm chromium (Cr). PECVD SiO2, which has an etching selectivity of 1:1 to LiNbO3 




Figure 7.12 Fabrication process of the LiNbO3 multilayered resonator. 
 
Figure 7.13 SEM images of the (a) fabricated resonator and (b) Bragg layers. 
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etching are alternatingly applied to etch the LiNbO3 and the Bragg layers. After etching 
down to the Si and removing the remaining SiO2 on top, the resonator is finally fabricated. 
Figure 7.13 shows the SEM images of the fabricated resonator and Bragg layers. The 
etching depth is 6.44 μm, which indicates layers compositions of 1.2 μm LiNbO3, 1.4 μm 
SiO2, 1.8 μm AlN, 1.4 μm SiO2, and 0.64 μm Si. Therefore, the entire Bragg layers are etched 
through. 
7.7 Measurements and discussions 
 
Figure 7.14 Measured admittance of the resonator at the orientation of 30º to the +Y axis. 
Figure 7.14 shows the measured admittance of the resonator with an orientation of 
30º to the +Y axis, which is also the resonator simulated in Figure 7.5. The measured 
coupling coefficient and Q are 13% and 78, respectively. The measured coupling is lower 
than the simulated one, which is possibly caused by inaccurate resonator orientation or IDT 





Figure 7.15 Measured admittance of the resonator at the orientation of 90º to the +Y axis. 
several reasons to explain this. First, the simulated Q only takes account of the energy loss 
through the tethers and the Bragg layers. However, in real devices, there are more losses, 
such as air damping, IDT metal resistive loss, scattering loss, imperfect reflection at the 
etched boundaries. All of these losses contribute to the actual energy loss and decrease the 
Q. Second, the perfectly matched layer (PML) settings in COMSOL software may not work 
well in absorbing transmitted waves, which ends up with less leaked waves and thus higher 
simulated Q. If treating the resonator as a 3D cavity, then the reflection coefficient could be 
estimated from the measured Q. Measured Q of 78 gives an estimated reflection coefficient 
of 0.9, which is close to the computed 0.92 in Figure 7.4. Therefore, the agreement indicates 
that the low reflection coefficient could be one of the main reasons for the low measured Q.  
For comparison, Figure 7.15 gives the measured admittance of the resonator at the 
orientation of 90º to the +Y axis. It has a higher measured Q of 128 but much smaller 





Figure 7.16 Simulated coupling coefficients of the resonators at different orientations. 
 
Figure 7.17 Measured coupling coefficients of the resonators at different orientations. 
resonators that the orientation of 90º to +Y axis provides much smaller coupling than the 
orientation of 30º to the +Y axis.  
Figure 7.16 depicts the simulated couplings of the LiNbO3 multilayered resonators 
at different orientations. The one at 30º to +Y axis demonstrates the largest coupling. This 




Figure 7.18 Simulated bandgap of the Bragg reflector indirectly observed through the Q of mulita-
layer resonators. 
 
Figure 7.19 Measured bandgap of the Bragg reflector indirectly observed through the Q of mulita-
layer resonators. 
Figure 7.17 gives the measured couplings. Overall, the simulations and the 
measurements have a very similar trend in predicting the couplings under various 
orientations.  
As mentioned before, the thickness of each layer is specifically chosen so that it 
accommodates a standing wave around 1 GHz. Waves at other frequencies would not be 
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able to form resonances. Generally, the Bragg layers have a passband in which the waves 
could resonate with less loss while out of which the waves could not resonate and lose 
quickly. Figure 7.18 shows the simulated Qs of the resonators with an orientation of 30º to 
the +Y axis. Obviously, there is a passband. Setting Q of 800 as the passband boundary will 
result in a frequency range of [900 MHz, 1100 MHz]. The measured Qs are given in Figure 
7.19. Although the measured Qs are much smaller than the simulated ones, they also 
demonstrate a passband. The frequency range is the same [900 MHz, 1100 MHz] if Q of 70 
is set as the passband boundary.  
7.8. Summary 
This chapter first proposes the large coupling demand of LiNbO3 MEMS resonators 
and their bottlenecks of structure fragility, temperature instability, and low power handling 
capability. To overcome these issues, Bragg reflectors are implemented under the LiNbO3 
MEMS resonators. SiO2 and AlN were chosen and designed as the low impedance and high 
impedance materials in the Bragg reflectors, respectively. Finite element analysis is used to 
analyze the wave displacement and the resonator’s admittance. Stress control is one of the 
main difficulties in fabrication, however, it was successfully solved by the SiO2 
compensation. Final measurements of the resonator demonstrate coupling of 13% and a Q 
of 78. The measured coupling trend and passband are consistent with the simulated ones.  
To improve the Qs of the resonators, one efficient way is to add more layers in the 
Bragg reflectors. Increasing the number to six or more layers would increase the reflection 





CHAPTER 8 CONCLUSIONS AND FUTURE WORK 
This thesis first outlines the demands and bottlenecks of current RF piezoelectric 
MEMS resonators: spurious mode suppression, Q enhancement, frequency scalability, and 
electromechanical coupling improvement. To overcome the spurious mode, mode 
conversion and mode shifting are proposed and validated with experiments. The Q 
enhancement from 1972 to 3952 is achieved by defining a minimized released region for the 
resonator. AlN S1 Lamb mode demonstrating a high phase velocity of 50,000 m/s is adopted 
for constructing high-frequency resonators with a large electromechanical coupling of 3.6% 
at 3.5 GHz. To increase the bandwidth of resonator-based filters, a hybrid filtering topology 
consisting of an AlN Lamb mode resonator and lumped elements is proposed. This filter 
combines the advantages of AlN resonator and lumped elements, demonstrating a steep skirt, 
far frequency suppression, monolithic fabrication of multi-frequency resonators on a single 
chip and extremely wide FBW of 5.5%.  
To satisfy the wide bandwidth requirement in 4G communications, LiNbO3 is chosen 
to construct resonators with large couplings. However, current LiNbO3 Lamb mode 
resonators consist of suspended structures which are fragile, temperature unstable and 
incapable of handling high powers. To overcome these shortcomings, Bragg reflectors are 
proposed. Research work about the materials and thicknesses of Bragg reflectors, reflection 
analysis, resonator design, fabrication characterization, fabrication process, and final 
measurement have been done sequentially. The final measurements show that the resonators 
have a similar coupling trend and passband with simulations. The fundamental design has a 
measured coupling of 13% and Q of 78. There are a couple of reasons for the low Q among 
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which the low reflection coefficient of 0.9 from the three Bragg layers is the main cause. 
More layers are needed for higher Qs.  
The analysis reveals that Bragg reflectors with six layers or more will have reflection 
coefficients of at least 0.998. Higher reflections are promising to attain high Q resonators. 
Therefore, future work on the LiNbO3 multilayered resonators shall be focusing on adding 






















[2] D. Weinstein and S. A. Bhave, “Internal dielectric transduction in bulk-mode 
resonators,” J. Microelectromechanical Syst., vol. 18, no. 6, pp. 1401–1408, 2009. 
[3] C. M. Lin, V. Yantchev, J. Zou, Y. Y. Chen, and A. P. Pisano, “Micromachined one-
port aluminum nitride Lamb wave resonators utilizing the lowest-order symmetric 
mode,” J. Microelectromechanical Syst., vol. 23, pp. 78–91, 2014. 
[4] S. Gong, and G. Piazza, “Design and analysis of lithium–niobate-based high 
electromechanical coupling RF-MEMS resonators for wideband filtering,” IEEE 
Trans. Microw. Theory Tech., vol. 61, no. 1, pp. 403–414, 2013. 
[5] C. Zuo and G. Piazza, “Single-ended-to-differential and differential-to-differential 
channel-select filters based on piezoelectric AlN contour-mode MEMS resonators,” 
in 2010 IEEE International Frequency Control Symposium, pp. 1–4, Jun. 2010. 
[6] T. Wu et al., “Design and fabrication of AlN RF MEMS switch for near-zero power 
RF wake-up receivers,” in Proc. IEEE Sensors, pp. 1–3, Nov. 2017. 
[7] V. J. Gokhale, C. Figueroa, J. M. L. Tsai, and M. Rais-Zadeh, “Low-noise AlN-on-
Si resonant infrared detectors using a commercial foundry MEMS fabrication process,” 
in Proc. IEEE Int. Conf. Micro Electro Mech. Syst., pp. 73–76, Feb. 2015. 
[8] L. Colombo, A. Kochhar, C. Xu, G. Piazza, S. Mishin and Y. Oshmyansky, 
“Investigation of 20% scandium-doped aluminum nitride films for MEMS laterally 
vibrating resonators,” in 2017 IEEE International Ultrasonics Symposium 
(IUS),Washington, DC, pp.1–4, 2017. 
[9] M. D. Henry, R. Timon, T. R. Young, C. Nordquist, and B. Griffin, “AlN and ScAlN 
contour mode resonators for RF filters,” ECS Transactions, vol. 77, no. 6, pp: 23–32, 
2017. 
[10] P. Muralt, “Recent progress in materials issues for piezoelectric MEMS,” Journal of 
the American Ceramic Society, vol. 91, no. 5, pp: 1385–1396, 2008.  
[11] Y. Yang, A. Gao, R. Lu, and S. Gong, “5 GHz lithium niobate MEMS resonators with 
high FoM of 153,” in Proc. IEEE Int. Conf. Micro Electro Mech. Syst., pp. 942–945, 
2017. 
[12] R. H. Olsson et al., “A high electromechanical coupling coefficient SH0 Lamb wave 
118 
 
lithium niobate micromechanical resonator and a method for fabrication,” Sensors 
Actuators, A Phys., vol. 209, pp. 183–190, 2014. 
[13] J. N. Nilchi, R. Liu, and C. T. Nguyen, “High Cx/Co 13 nm-capacitive-gap transduced 
disk resonator,” in 2017 IEEE 30th International Conference on Micro Electro 
Mechanical Systems (MEMS), pp. 924–927, Jan. 2017. 
[14] M. Akgul,  L. Wu, Z. Ren, and C. T. Nguyen, “A negative-capacitance equivalent 
circuit model for parallel-plate capacitive-gap-transduced micromechanical 
resonators,” IEEE Trans. Ultrason. Ferroelectr. Freq. Control, vol. 61, no. 5, pp. 
849–869, 2014. 
[15] J. R. Clark, Wan-Thai Hsu, and C. T.-C. Nguyen, “High-Q VHF micromechanical 
contour-mode disk resonators,” Int. Electron Devices Meet. 2000. Tech. Dig. IEDM 
(Cat. No.00CH37138), pp. 493–496, Dec. 2000. 
[16] L. W. Hung and C. T. C. Nguyen, “Capacitive-piezoelectric AlN resonators with 
q>12,000,” in Proc. IEEE Int. Conf. Micro Electro Mech. Syst., pp. 173–176, 2011. 
[17] S. Gong, N. K. Kuo, and G. Piazza, “GHz AlN lateral over-moded bulk acoustic wave 
resonators with a fꞏQ of 1.17 × 1013,” in 2011 Joint Conference of the IEEE 
International Frequency Control and the European Frequency and Time Forum 
(FCS), pp: 1–5, May 2011. 
[18] S. Gong, N. Kuo and G. Piazza, “GHz high-Q lateral over-moded bulk acoustic-wave 
resonators using epitaxial SiC thin film,” Journal of Microelectromechanical Systems, 
vol. 21, no. 2, pp. 253–255, Apr. 2012. 
[19] E. Calayir, G. Piazza, J. Soon, and N. Singh, “Analysis of spurious modes, Q, and 
electromechanical coupling for 1.22 GHz AlN MEMS contour-mode resonators 
fabricated in an 8'' silicon fab,” in 2016 IEEE International Ultrasonics Symposium 
(IUS), pp. 4–7, Sep. 2016. 
[20] G. Piazza, P. J. Stephanou, and A. P. Al Pisano, “Piezoelectric aluminum nitride 
vibrating contour mode resonators,” J. Microelectromechanical Syst., vol. 15, no. 6, 
pp. 1406–1418, 2006. 
[21] W. G. Cady, “Nature and use of piezoelectricity,” Electr. Eng., vol. 66, no. 8, pp. 
758–762, 1947. 
[22] C. S. Brownt, R. C. Kellt, R. Taylor, and L. Thomas, “Piezoelectric materials: A 
119 
 
review of progress,” Ire Trans. Compon. Parts, vol. 9, no. 4, pp. 193–211, 1962. 
[23] R. Bechmann, “Piezoelectricity-frequency control,” in 18th annual symposium on 
frequency control. pp. 43–92, May 1964. 
[24] T. Ikeda, Fundamentals of Piezoelectricity. Oxford University Press, 1990. 
[25] R. M. White and F. W. Voltmer, “Direct piezoelectric coupling to surface elastic 
waves,” Appl. Phys. Lett., vol. 7, no. 12, pp. 314–316, 1965. 
[26] P. S. Cross, W. H. Haydl, and R. S. Smith, “Design and applications of two-port SAW 
resonators on YZ-lithium niobate,” in Proc. IEEE, vol. 64, no. 5, pp. 682–685, 1976. 
[27] L. T. De Bell and R. C. M. Li, “Surface-acoustic-wave resonators,” in Proc. IEEE, 
vol. 64, no. 5, pp. 711–721, 1976. 
[28] C. S. Hartmann and B. P. Abbott, “Overview of design challenges for single phase 
unidirectional SAW filters,” in Proc. IEEE Ultrason. Symp., pp. 79–89, 1989. 
[29] C. C. W. Kuppel, L. Reindl, and R. Weigel, “SAW devices and their wireless 
communications applications,” IEEE Microw. Mag., vol. 3, no. 2, pp. 65–71, 2002. 
[30] Kushibiki, A. Ohkubo, and N. Chubachi, “Propagation characteristics of leaky SAWs 
on water/LiNbO3 boundary measured by acoustic microscope with line-focus beam,” 
Electronics Letters, vol. 18, no. 1, pp. 6–7, 1982. 
[31] T. Kogai, H. Yatsuda, and J. Kondoh, “Rayleigh SAW-assisted SH-SAW 
immunosensor on X-Cut 148-Y LiTaO3,” IEEE Trans. Ultrason. Ferroelectr. Freq. 
Control, vol. 64, no. 9, pp. 1375–1381, 2017. 
[32] A. A. Mansour and T. S. Kalkur, “High-quality-factor and low-temperature-
dependence SMR FBAR based on BST using MOD method,” IEEE Trans. Ultrason. 
Ferroelectr. Freq. Control, vol. 64, no. 2, pp. 452–462, 2017. 
[33] D. H. Cho, D. Y. Kim, B. H. Kim, J. P. Jung, J. S. Park, and J. B. Lee, “Properties of 
AlN films grown by two-step deposition and characteristics of AlN-FBAR devices,” 
in Proc. IEEE Ultrason. Symp., pp. 1702–1705, Aug. 2004. 
[34] T. Matsumura, M. Esashi, H. Harada, and S. Tanaka, “Multi-band RF filter integrating 
different modes of AlN resonator by CMOS-compatible process,” in Proc. IEEE 
Ultrason. Symp., pp. 2141–2144, Sep. 2009. 
[35] R. Ruby, P. Bradley, J. Larson, Y. Oshmyansky, and D. Figueredo, “Ultra-miniature 
high-Q filters and duplexers using FBAR technology,” in 2001 IEEE International 
120 
 
Solid-State Circuits Conference, pp. 120–121, Oct. 2001. 
[36] J. D. Larson, J. D. Ruby, R. C. Bradley, J. Wen, S. L Kok, and A. Chien , “Power 
handling and temperature coefficient studies in FBAR duplexers for the 1900 MHz 
PCS band,” in Proc. IEEE Ultrason. Symp., pp. 869–874, Oct. 2000. 
[37] S. Marksteiner, J. Kaitila, G. G. Fattinger, and R. Aigner, “Optimization of acoustic 
mirrors for solidly mounted BAW resonators,” in Proc. IEEE Ultrason. Symp., pp. 
329–332, Sep. 2005. 
[38] A. Amsanpally, S. Enjamuri, and K. C. J. Raju, “Design and analysis of solidly 
mounted resonator utilizing a conductive bragg reflector to improve Q and resonant 
frequency,” in CODEC 2012-5th Int. Conf. Comput. Devices Commun., pp. 1–4, Dec. 
2012. 
[39] A. Roy, B. P. Barb, and K. Prasad, “Modeling of RF- MEMS BAW resonator,” in 
2010 23rd Int. Conf. VLSI Des., pp. 170–175, Jan. 2010. 
[40] K. Toda, “Lamb-wave delay lines with interdigital electrodes,” J. Appl. Phys., vol. 44, 
no. 1, pp. 56–62, 1973. 
[41] R. M. White and S. W. Wenzel, “Fluid loading of a Lamb-wave sensor,” Appl. Phys. 
Lett., vol. 52, no. 20, pp. 1653–1655, 1988. 
[42] C. Li, H. Kong, Y. Tang, J. F. Manceau, F. Bastien, and L. Zhou, “Liquid sound 
velocity and density decoupling on a compact Lamb wave sensor by a two-port local 
resonating method,” IEEE Sens. J., vol. 18, no. 4, pp. 1384–1389, 2017. 
[43] T. Mirea, E. Iborra, and V. Yantchev, “S0 Lamb wave resonators for in-liquid sensing: 
Promising alternative to shear bulk acoustic wave devices,” in 2016 Eur. Freq. Time 
Forum, EFTF 2016, pp. 8–11, 2016. 
[44] J. Wu and Z. Zhu, “Sensitivity of Lamb wave sensors in liquid sensing,” IEEE Trans. 
Ultrason. Ferroelectr. Freq. Control, vol. 43, no. 1, pp. 71–72, 1996. 
[45] V. Yantchev and I. Katardjiev, “Design and fabrication of thin film Lamb wave 
resonators utilizing longitudinal wave and interdigital transducers,” in Proc. IEEE 
Ultrason. Symp., pp. 1580–1583, Sep. 2005. 
[46] A. Gao and S. Gong, “Harnessing mode conversion for spurious mode suppression in 
AlN laterally vibrating resonators,” J. Microelectromechanical Syst., vol. 25, no. 3, 
pp. 450–458, 2016. 
121 
 
[47] J. Zou and C. S. Lam, “Electrode design of AlN Lamb wave resonators,” in 2016 
IEEE Int. Freq. Control Symp., pp. 0–4, May 2016. 
[48] H. Bhugra et al., Piezoelectric MEMS Resonators. Springer International Publishing, 
2017. 
[49] V. Moraes et al., “Thermal conductivity and mechanical properties of AlN-based thin 
films,” Journal of Applied Physics, vol. 225304, 2016. 
[50] E. Ruiz and S. Alvarez, “Electronic structure and properties of AlN,” Phys. Rev. B, 
vol. 49, no. 11, pp. 7115–7123, 1994. 
[51] K. Tsubouchi, K. Sugai, and N. Mikoshiba, “AlN material constants evaluation and 
SAW properties on AlN/Al2O3 and AlN/Si,” in Proc. IEEE Ultrason. Symp., pp. 375–
380, Oct. 1981. 
[52] S. Singh et al., “Structure, microstructure and physical properties of ZnO based 
materials in various forms: Bulk, thin film and nano,” J. Phys. D. Appl. Phys., vol. 40, 
no. 20, pp. 6312–6327, 2007. 
[53] R. S. Weis and T. K. Gaylord, “Lithium niobate: Summary of physical properties and 
crystal structure,” Appl. Phys. A Solids Surfaces, vol. 37, no. 4, pp. 191–203, 1985. 
[54] M. B. Assouar, O. Elmazria, L. Le Brizoual, and P. Alnot, “Reactive DC magnetron 
sputtering of aluminum nitride films for surface acoustic wave devices,” Diam. Relat. 
Mater., vol. 11, no. 3–6, pp. 413–417, 2002. 
[55] A. Iqbal and F. Mohd-Yasin, “Reactive sputtering of aluminum nitride (002) thin 
films for piezoelectric applications: a review,” Sensors (Switzerland), vol. 18, no. 6, 
pp. 1–21, 2018. 
[56] J. Wang et al., “High-quality AlN epilayers grown on nitrided sapphire by metal 
organic chemical vapor deposition,” Sci. Rep., vol. 7, pp. 1–7, 2017. 
[57] M. Z. Mohd Yusoff et al., “Plasma-assisted MBE growth of AlN/GaN/AlN 
heterostructures on Si (111) substrate,” Superlattices Microstruct., vol. 60, pp. 500–
507, 2013. 
[58] H. Lamb, “On waves in an elastic plate,” Proc. R. Soc. A Math. Phys. Eng. Sci., vol. 
93, no. 648, pp. 114–128, Mar. 1917. 
[59] I. A. Viktorov, Rayleigh and Lamb Waves Physical Theory and Applications. 
Springer Verlag, 2014. 
122 
 
[60] J. Zou and A. P. Pisano, “Temperature compensation of the AlN Lamb wave 
resonators utilizing the S1 mode,” in 2015 IEEE Int. Ultrason. Symp., pp. 1–4, Oct. 
2015. 
[61] A. Gao, R. Lu, and S. Gong, “Mitigation of A0 spurious modes in AlN MEMS 
resonators with SiO2 addendums,” in 2016 IEEE Int. Freq. Control Symp., pp. 1–4, 
May 2016. 
[62] M. Giovannini, S. Yazici, N.-K. Kuo, and G. Piazza, “Spurious mode suppression via 
apodization for 1 GHz AlN contour-mode resonators,” in 2012 IEEE Int. Freq. 
Control Symp., pp. 1–5, May 2012. 
[63] R. H. Olsson, J. Nguyen, T. Pluym, and V. M. Hietala, “A method for attenuating the 
spurious responses of aluminum nitride micromechanical filters,” J. 
Microelectromechanical Syst., vol. 23, no. 5, pp. 1198–1207, 2014. 
[64] H. Zhang, J. Liang, X. Zhou, H. Zhang, D. Zhang, and W. Pang, “Transverse mode 
spurious resonance suppression in Lamb wave MEMS resonators: Theory, modeling, 
and experiment,” IEEE Trans. Electron Devices, vol. 62, no. 9, pp. 3034–3041, 2015. 
[65] M. Giovannini, S. Yazici, N. K. Kuo, and G. Piazza, “Apodization technique for 
spurious mode suppression in AlN contour-mode resonators,” Sensors Actuators, A 
Phys., vol. 206, pp. 42–50, 2014. 
[66] Y. H. Song and S. Gong, “Spurious mode suppression in SH0 Lithium Niobate 
laterally vibrating MEMS resonators,” in Tech. Dig. - Int. Electron Devices Meet., pp. 
1851–1854, Dec. 2015. 
[67] D. W. Branch and R. H. Olsson, “Suppressing fine-frequency modes in aluminum 
nitride microresonators,” in Proc. IEEE Ultrason. Symp., pp. 572–577, Sep. 2014. 
[68] K. Xu, D. Ta, Z. Su, and W. Wang, “Transmission analysis of ultrasonic Lamb mode 
conversion in a plate with partial-thickness notch.,” Ultrasonics, vol. 54, no. 1, pp. 
395–401, Jan. 2014. 
[69] P. Hora and Olga Červená, “Determination of Lamb wave dispersion curves by means 
of Fourier transform,” Applied and Computational Mechanics, vol. 6, pp. 5–16, 2012. 
[70] F. Levent Degertekin and B. T. Khuri-Yakub, “Lamb wave excitation by hertzian 
contacts with applications in NDE,” IEEE Trans. Ultrason. Ferroelectr. Freq. 
Control, vol. 44, no. 4, pp. 769–779, 1997. 
123 
 
[71] F. L. Degertekin, B. V. Honein, and B. T. Khuri-Yakub, “Efficient excitation and 
detection of Lamb waves for process monitoring and NDE,” in 1995 IEEE Ultrason. 
Symp., pp. 787–790, Nov. 1995. 
[72] J. Zou, C.-M. Lin, Y.-Y. Chen, and A. P. Pisano, “Theoretical study of thermally 
stable SiO2/AlN/SiO2 Lamb wave resonators at high temperatures,” J. Appl. Phys., 
vol. 115, no. 9, p. 094510, Mar. 2014. 
[73] Y. H. Song, R. Lu, and S. Gong, “Analysis and removal of spurious response in SH0 
lithium niobate MEMS resonators,” IEEE Trans. Electron Devices, vol. 63, no. 5, pp. 
2066–2073, 2016. 
[74] J. Stegner, U. Stehr, C. Tu, J. E. Y. Lee, and M. A. Hein, “Very-low phase noise RF-
MEMS reference oscillator using AlN-on-Si resonators achieved by accurate co-
simulation,” in IEEE MTT-S Int. Microw. Symp. Dig., pp. 1303–1306, Jun. 2017. 
[75] C. Zuo, N. Sinha, J. Spiegel, and G. Piazza, “Multifrequency pierce oscillators based 
on piezoelectric AlN contour-mode MEMS technology,” J. Microelectromechanical 
Syst., vol. 19, no. 3, pp. 570–580, 2010. 
[76] A. Kourani, E. Hegazi, and Y. Ismail, “76.8 MHz, 105 ppm temperature stable, 106 
fs jitter AlN-on-Si MEMS oscillator for cellular applications,” in 2015 International 
Symposium on Signals, Circuits and Systems (ISSCS), pp.1–4, Jul. 2015. 
[77] J. Liang, H. X. Zhang, D. H. Zhang, H. Zhang, and W. Pang, “50 O-terminated AlN 
MEMS filters based on Lamb wave resonators,” in 2015 18th International 
Conference on Solid-State Sensors, Actuators and Microsystems, pp. 1973–1976, Jun. 
2015. 
[78] J. Liang, H. Zhang, D. Zhang, H. Zhang, and W. Pang, “Lamb wave AlN 
micromechanical filters integrated with on-chip capacitors for RF front-end 
architectures,” IEEE J. Electron Devices Soc., vol. 3, no. 4, pp. 361–364, 2015. 
[79] A, Gao, J. Zou, and S. Gong, “A 3.5 GHz hybrid wideband RF filter using AlN S1 
Lamb mode resonator,” in IEEE Ultrason. Symp., p. 1, Sep. 2017. 
[80] C. D. Nordquist et al., “Inductive coupling for increased bandwidth of aluminum 
nitride contour-mode microresonator filters,” in IEEE MTT-S Int. Microw. Symp. Dig., 
pp. 5–8, May 2016. 
[81] C. Cassella, Y. Hui, Z. Qian, G. Hummel, and M. Rinaldi, “Aluminum nitride cross-
124 
 
sectional Lamé mode resonators,” J. Microelectromechanical Syst., vol. 25, no. 2, pp. 
275–285, 2016. 
[82] E. Iborra, J. Olivares, M. Clement, J. Capilla, V. Felmetsger, and M. Mikhov, 
“Piezoelectric and electroacoustic properties of V-doped and Ta-doped AlN thin 
films,” in 2013 Jt. Eur. Freq. Time Forum Int. Freq. Control Symp., pp. 262–265, Jul. 
2013. 
[83] T. Yokoyama, Y. Iwazaki, Y. Onda, T. Nishihara, and M. Ueda, “Highly piezoelectric 
co-doped AlN thin films for bulk acoustic wave resonators,” in IEEE Int. Ultrason. 
Symp., pp. 1382–1385, Jul. 2013. 
[84] R. Abdolvand, H. M. Lavasani, G. K. Ho, and F. Ayazi, “Thin-film piezoelectric-on-
silicon resonators for high-frequency reference oscillator applications,” IEEE Trans. 
Ultrason. Ferroelectr. Freq. Control, vol. 55, no. 12, pp. 2596–606, Dec. 2008. 
[85] J. Segovia-Fernandez, N. Kuo, and G. Piazza, “Impact of metal electrodes on the 
figure of merit ( kt2ꞏQ ) and spurious modes of contour mode AlN resonators,” in 
IEEE Int. Ultrason. Symp., pp. 2–5, Oct. 2012. 
[86] J. Segovia-Fernandez, M. Cremonesi, C. Cassella, A. Frangi, and G. Piazza, “Anchor 
losses in AlN contour mode resonators,” J. Microelectromechanical Syst., vol. 24, no. 
2, pp. 265–275, 2015. 
[87] M. Cremonesi, C. Cassella, A. Frangi, and G. Piazza, “Experimental study on the 
impact of anchor losses on the quality factor of contour mode AlN resonators,” in 
17th International Conference on Solid-State Sensors, Actuators and Microsystems, 
pp. 2473–2476, Jun. 2013. 
[88] J. Segovia-Fernandez and G. Piazza, “Analytical and numerical methods to model 
anchor losses in 65-MHz AlN contour mode resonators,” J. Microelectromechanical 
Syst., vol. 25, no. 3, pp. 459–468, 2016. 
[89] C. Cassella, N. Singh, B. W. Soon, and G. Piazza, “Quality factor dependence on the 
inactive regions in AlN contour-mode resonators,” J. Microelectromechanical Syst., 
vol. 24, no. 5, pp. 1575–1582, 2015. 
[90] R. Lu, T. Manzaneque, Y. Yang, and S. Gong, “Lithium niobate phononic crystals for 
tailoring performance of RF laterally vibrating devices,” IEEE Trans. Ultrason. 
Ferroelectr. Freq. Control, vol. 65, no. 6, pp. 934–944, 2018. 
125 
 
[91] A. Krushynska, V. Meleshko, C. C. Ma, and Y. H. Huang, “Mode excitation 
efficiency for contour vibrations of piezoelectric resonators,” IEEE Trans. Ultrason. 
Ferroelectr. Freq. Control, vol. 58, no. 10, pp. 2222–2238, 2011. 
[92] M. M. Winterkorn, A. L. Dadlani, Y. Kim, J. Provine, and F. B. Prinz, “Etch 
‘sandbox’: controlled release dimensions through atomic layer deposition etch stop 
with trench refill and polish,” in 2015 18th Int. Conf. Solid-State Sensors, Actuators 
Microsystems, pp. 2272–2275, Jun. 2015. 
[93] S. Gong and G. Piazza, “An 880 MHz ladder filter formed by arrays of laterally 
vibrating thin film lithium niobate resonators,” in 2014 IEEE 27th Int. Conf. Micro 
Electro Mech. Syst., pp. 1241–1244, Jan. 2014. 
[94] S. Gong and G. Piazza, “Figure-of-merit enhancement for laterally vibrating lithium 
niobate MEMS resonators,” IEEE Trans. Electron Devices, vol. 60, no. 11, pp. 3888–
3894, Nov. 2013. 
[95] K. Hashimoto, T. Miyamoto, K. Shimada, T. Omori, and M. Yamaguchi, “A 
wideband multi-mode SAW filter employing pitch-modulated IDTs on cu-
grating/15°YX-LiNbO3-substrate structure,” IEEE Trans. Ultrason. Ferroelectr. 
Freq. Control, vol. 57, no. 5, pp. 1183–1187, 2010. 
[96] W. Pang, H. Zhang, R. C. Ruby, H. Yu, and E. S. Kim, “Analytical and experimental 
study on the second harmonic mode response of a bulk acoustic wave resonator,” J. 
Micromechanics Microengineering, vol. 20, no. 11, 2010. 
[97] M. Kadota, T. Ogami, K. Yamamoto, H. Tochishita, and Y. Negoro, “High-frequency 
Lamb wave device composed of MEMS structure using LiNbO3 thin film and air gap,” 
IEEE Trans. Ultrason. Ferroelectr. Freq. Control, vol. 57, no. 11, pp. 2564–2571, 
2010. 
[98] W. C. Li, Y. Lin, B. Kim, Z. Ren, and C. T. C. Nguyen, “Quality factor enhancement 
in micromechanical resonators at cryogenic temperatures,” in 15th Int. Conf. Solid-
State Sensors, Actuators Microsystems, pp. 1445–1448, Jun. 2009. 
[99] J. Zou, C. Lin, Y. Chen, and A P. Pisano, “High-frequency and low-resonance-
impedance Lamb wave resonators utilizing the S1mode,” in 2015 18th International 
Conference on Solid-State Sensors, Actuators and Microsystems (TRANSDUCERS), 
pp. 2025–2028, Jun. 2015. 
126 
 
[100] V. Yantchev, L. Arapan, I. Ivanov, I. Uzunov, I. Katardjiev, and V. Plessky, 
“Parametric study of thin-film zero-group velocity resonators (ZGVR),” in IEEE Int. 
Ultrason. Symp., pp. 307–310, Oct. 2012. 
[101] C. Zuo, J. Van der Spiegel, and G. Piazza, “Dual-mode resonator and switchless 
reconfigurable oscillator based on piezoelectric AlN MEMS technology,” IEEE Trans. 
Electron Devices, vol. 58, no. 10, pp. 3599–3603, 2011. 
[102] C. Cassella, N. Oliva, J. Soon, M. Srinivas, N. Singh, and G. Piazza, “Super high 
frequency aluminum nitride two-dimensional-mode resonators with kt2 exceeding 
4.9%,” IEEE Microw. Wirel. Components Lett., vol. 27, no. 2, pp. 105–107, 2017. 
[103] C. W. Tang and M. G. Chen, “A microstrip ultra-wideband bandpass filter with 
cascaded broadband bandpass and bandstop filters,” IEEE Trans. Microw. Theory 
Tech., vol. 55, no. 11, pp. 2412–2418, 2007. 
[104] J. Bonache, I. Gil, J. García-García, and F. Martín, “Novel microstrip bandpass filters 
based on complementary split-ring resonators,” IEEE Trans. Microw. Theory Tech., 
vol. 54, no. 1, pp. 265–271, 2006. 
[105] J. T. Kuo, T. H. Yeh, and C. C. Yeh, “Design of microstrip bandpass filters with a 
dual-passband response,” IEEE Trans. Microw. Theory Tech., vol. 53, no. 4, pp. 
1331–1336, 2005. 
[106] L. K. Yeung, K. L. Wu, and Y. E. Wang, “Low-temperature cofired ceramic LC filters 
for RF applications,” IEEE Microw. Mag., vol. 9, no. 5, pp. 118–128, 2008. 
[107] W. Gao and W. Martin Snelgrove, “A linear integrated LC bandpass filter with Q-
enhancement,” IEEE Trans. Circuits Syst. II Analog Digit. Signal Process., vol. 45, 
no. 5, pp. 635–639, 1998. 
[108] A. N. Mohieldin, E. Sánchez-Sinencio, and J. Silva-Martínez, “A 2.7-V 1.8-GHz 
fourth-order tunable LC bandpass filter based on emulation of magnetically coupled 
resonators,” IEEE J. Solid-State Circuits, vol. 38, no. 7, pp. 1172–1181, 2003. 
[109] M. Rinaldi, C. Zuniga, C. Zuo, and G. Piazza, “AlN contour-mode resonators for 
narrow-band filters above 3 GHz,” in 2009 IEEE Int. Freq. Control Symp. Jt. with 
22nd Eur. Freq. Time forum, no. 1, pp. 70–74, Apr. 2009. 
[110] S. Gong and G. Piazza, “Multi-frequency wideband RF filters using high 
electromechanical coupling laterally vibrating lithium niobate MEMS resonators,” in 
127 
 
2013 IEEE 26th Int. Conf. Micro Electro Mech. Syst., pp. 785–788, Jan. 2013. 
[111] R. Weigel, D. P. Morgan, J. M. Owens, A. Ballato, K. M. Lakin, K.-Y. Hashimoto, 
and C. C. W. Ruppel, “Microwave acoustic materials, devices, and applications,” 
IEEE Trans. Microw. Theory Techn., vol. 50, no. 3, pp. 738–749, Mar. 2002. 
[112] D. Feld, K. Wang, P. Bradley, A. Barfknecht, B. Ly, and R. Ruby, “A high 
performance 3.0 mm×3.0 mm×1.1 mm FBAR full band Tx filter for U.S. PCS 
handsets,” in Proc. IEEE Ultrason. Symp., pp. 913–918, Oct. 2002. 
[113] T. Kimura, M. Kadota, and Y. Ida, “High Q SAW resonator using upper-electrodes 
on grooved-electrodes in LiTaO3,” in IEEE MTT-S Int. Microw. Symp. Dig., pp. 
1740–1743, Apr. 2010. 
[114] D. Psychogiou, R. Gómez-garcía, R. Sánchez, and D. Peroulis,  “Hybrid acoustic-
wave-lumped-element resonators (AWLRs) for high-bandpass filters with quasi-
elliptic frequency response,” IEEE Trans. Microw. Theory Techn., vol. 63, no. 7, pp. 
2233–2244, Jul. 2015. 
[115] M. Rinaldi, C. Zuniga, C. Zuo, and G. Piazza, “Super-high-frequency two-port AlN 
contour-mode resonators for RF applications,” IEEE Transactions on Ultrasonics, 
Ferroelectrics, and Frequency Control, vol. 57, pp. 38–45, 2010. 
[116] S. Kreuzer, A. Volatier, G. Fattinger, and F. Dumont, “Full band 41 filter with high 
Wi-Fi rejection: Design and manufacturing challenges,” in 2015 IEEE Int. Ultrason. 
Symp. IUS 2015, pp. 41–44, Oct. 2015. 
[117] S. Gong and G. Piazza, “Laterally vibrating lithium niobate MEMS resonators with 
high electromechanical coupling and quality factor,” in 2012 IEEE Int. Ultrason. 
Symp., pp. 1051–1054, Oct. 2012. 
[118] Y.-H. Song and S. Gong, “Elimination of spurious modes in SH0 lithium niobate 
laterally vibrating resonators,” IEEE Electron Device Letters, vol.36, no.11, pp.1198–
1201, Nov. 2015. 
[119] Y.-H. Song and S. Gong, “Wideband RF filters using medium-scale integration of 
lithium niobate laterally vibrating resonators,” IEEE Electron Device Letters, vol. 38, 
no. 3, pp. 387–390, Mar. 2017. 
[120] S. Yoshimoto, Y. Yamamoto, Y. Takahashi, and E. Otsuka, “Multi-band RF SAW 
filter for mobile phone using surface mount plastic package,” in Proc. IEEE Ultrason. 
128 
 
Symp., pp. 113–118, Oct. 2002. 
[121] T. Lee, A. Guyette, E. J. Naglich, and D. Peroulis, “Coupling-matrix-based SAW 
filter design,” in IEEE MTT-S Int. Microw. Symp. Dig., pp. 8–11, Jul. 2014. 
[122] K. Nassau, H. J. Levinstein, G. M. Loiacono, B. T. Laboratories, and M. Hill, 
“Ferroelectric lithium niobate 1: Growth, domain structure, dislocations and etching,” 
J. Phys. Chem. Solids, vol. 27, pp. 983–988, 1966. 
[123] M. Levy et al., “Fabrication of single-crystal lithium niobate films by crystal ion 
slicing,” Appl. Phys. Lett., vol. 73, no. 16, pp. 2293–2295, 1998. 
[124] H. Kawano, R. Takigawa, H. Ikenoue, and T. Asano, “Bonding of LiNbO3 thin film 
on Si substrate using laser irradiation,” in 2015 20th Microoptics Conference (MOC),   
pp. 5–6, Oct. 2015. 
[125] S. Jose, A. B. M. Jansman, and R. J. E. Hueting, “A design procedure for an acoustic 
mirror providing dual reflection of longitudinal and shear waves in solidly mounted 
BAW resonators (SMRs),” in Proc. IEEE Ultrason. Symp., pp. 2111–2114, Oct. 2009. 
[126] S. Jose, A. B. M. Jansman, R. J. E. Hueting, and J. Schmitz, “Optimized reflector 
stacks for solidly mounted bulk acoustic wave resonators,” IEEE Trans. Ultrason. 
Ferroelectr. Freq. Control, vol. 57, no. 12, pp. 2753–2763, 2010. 
[127] C. J. Chung, Y. C. Chen, C. C. Cheng, and K. S. Kao, “Synthesis and bulk acoustic 
wave properties on the dual mode frequency shift of solidly mounted resonators,” 
IEEE Trans. Ultrason. Ferroelectr. Freq. Control, vol. 55, no. 4, pp. 857–864, 2008. 
[128] R. Lu, T. Manzaneque, Y. Yang, and S. Gong, “S0-mode lithium niobate acoustic 
delay lines with 1 dB insertion loss,” in 2018 IEEE International Ultrasonic 
Symposium, pp: 1–4, Oct. 2018. 
[129] T. Manzaneque, R. Lu, Y. Yang, and S. Gong, “Realizing radio frequency acoustic 
delays and transversal filtering with sub-2 dB insertion loss and 10% fractional 
bandwidth,” in Proceedings of the 2018 Solid-State Sensors, Actuators and 
Microsystems Workshop (Hilton Head 2018), pp: 1–4, Jun. 2018. 
[130] R. Lu, T. Manzaneque, Y. Yang, A. Gao, L. Gao, and S. Gong, “A radio frequency 
non-reciprocal network based on switched low-loss acoustic delay lines,” in 
Proceedings of the 2018 Solid-State Sensors, Actuators and Microsystems Workshop 
(Hilton Head 2018), pp: 1–4, Jun. 2018. 
129 
 
[131] R. T. Smith and F. S. Welsh, “Temperature dependence of the elastic, piezoelectric, 
and dielectric constants of lithium tantalate and lithium niobate,” J. Appl. Phys., vol. 
42, no. 6, pp. 2219–2230, 1971. 
[132] B. A. Auld, Acoustic Fields and Waves in Solids. Krieger, 1990. 
[133] A. M. Engwall, Z. Rao, and E. Chason, “Origins of residual stress in thin films: 
Interaction between microstructure and growth kinetics,” Mater. Des., vol. 110, pp. 
616–623, 2016. 
[134] A. Moridi, H. Ruan, L. C. Zhang, and M. Liu, “Residual stresses in thin film systems: 
Effects of lattice mismatch, thermal mismatch and interface dislocations,” Int. J. 
Solids Struct., vol. 50, no. 22–23, pp. 3562–3569, 2013. 
 
 
 
